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CHAPTER 1: GENERAL INTRODUCTION 
Introduction 
Plants can serve as solar-energy-powered biochemical factories.  Rapid developments 
in biotechnology and molecular biology during the past decades provide us vast information 
about plant genome and regulation and allow us to manipulate plant genes to generate 
specific materials for human use, such as biopharmaceuticals and biorenewables (Daniell et 
al., 2001; Mett et al., 2008; Nikolau et al., 2008).  Despite vast information about metabolic 
processes, it is not currently possible to predict the metabolic consequences of producing 
novel materials in plants, or indeed any living cell.  To be able to predict the consequence of 
novel material generation in plant, and to maximize its yield, a comprehensive and 
systematic approach is critical.  In this dissertation, I evaluate metabolomic and 
transcriptomic changes in Arabidopsis and switchgrass lines that were engineered to produce 
bioplastic, with the goal of better understanding potential metabolic consequence of 
producing bioplastic in plant.  
Polyhydroxyalkanoates (PHAs)  
Polyhydroxyalkanoates (PHAs), a class of polyesters, can have a wide range of 
properties from stiff and brittle plastic to very elastic rubber based on the monomer 
composition (Reddy et al., 2003).  PHAs are naturally produced by many bacteria as a 
storage form of carbon and energy (Williamson and Wilkinson, 1958; Dawes, 1988; 
Anderson and Dawes, 1990).   
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Because of the biodegradable characteristics of PHAs, there have been continuous 
efforts to produce PHAs economically in living cells.  A copolymer type of PHA, poly-3-
hydroxybutyrate-co-3-hydroxyvalerate (PHBV), as well as a homopolymer type of PHA, 
poly-3-hydroxybutyrate (PHB) is now commercially available through bacterial fermentation 
(Bohmert et al., 2000; Gross and Kalra, 2002).  
PHAs are produced by the sequential reactions of three enzymes: 3-ketothiolase 
(phaA), acetoacetyl-CoA reductase (phaB), and PHA synthase (phaC) using acetyl-CoA as a 
precursor.  Polyhydroxylbutyrate (PHB), a most common PHA in nature, is produced by the 
following reactions (Dawes, 1988).  
 
phaA;               2 acetyl-CoA         acetoacetyl-CoA + CoASH  
phaB;              acetoacetyl-CoA +NADPH+H+          D-3-hydroxy-butyryl-CoA + NADP+ 
phaC:   D-3-hydroxy-butyryl-CoA          polyhydroxybutyrate + CoA 
 
By introducing those three enzymes into the genome, it is able to make a living 
organism accumulate PHA in cells.  By using PHA synthase from various bacteria with 
diverse substrate specificities, it is possible to make assorted PHAs in plants, which will 
reduce additional cost for post-processing of bioplastics.  
Plants accumulating PHB 
The cost of bacterial fermentation to produce PHAs is much higher than the cost in 
petroleum based polymer production, which makes PHAs less competitive in the market.  
Because producing PHAs in plants would provide environmentally friendly solar-energy-
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powered bioplastic and also reduce the cost compared to petroleum based polymers, there 
have been continuous efforts to produce PHAs in plants.  
The first successful attempt to metabolically engineer plants to produce PHA was 
reported by Poirier et al. (1992).  Polyhydroxylbutyrate (PHB) was produced in the 
cytoplasm of Arabidopsis Thaliana by crossing two transgenic plant lines, one containing 
acetoacetyl-CoA reductase (phaB), and the other containing PHA synthase (phaC) genes in 
nuclear genome.  The PHB accumulation was observed in the hybrid, but the hybrid could 
only accumulate PHB at 0.1% dry weight tissue and showed severe growth defects.  The 
authors proposed that the phenotype may be due to changes in cytosolic acetoacetyl-CoA and 
acetyl-CoA availability, which involves essential biochemical pathways such as isoprenoid 
biosynthesis.  To avoid severe growth defects, producing PHB in a compartment was 
proposed.   
One possible compartment for PHB synthesis is the peroxisome where β-oxidation 
takes place in plants for providing continuous supply of substrate, acetyl-CoA.  Specific PHA 
synthase (phaC) gene was targeted to the peroxisomes of Arabidopsis to produce medium-
chain-length PHAs within the peroxisomes (Mittendorf et al., 1998).  PHB accumulation was 
0.6% of dry weight, and PHA composition showed that a broad range of medium-chain-
length PHAs was accumulated in plant peroxisomes.   
Nawrath et al. (1994) targeted all three enzymes (phaA, phaB, phaC) to the plastid of 
Arabidopsis, under the control of constitutive CaMV 35S promoter.  The hybrid plants could 
accumulate up to 14% of PHB, and exhibited less growth defects than cytosolic accumulation 
and no fertility problems.  Bohmert et al. (2000) created a multigene construct of all three 
enzymes targeted to plastids of Arabidopsis, and increased PHB accumulation up to 40% of 
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the dry weight, but the high yield of PHB accumulation caused growth reduction and 
chlorosis in plants.  They found that some organic acids accumulations such as fumarate and 
isocitrate were decreased with high levels of PHB accumulation.   
Producing PHAs in other species has been demonstrated using the same strategy as 
within Arabidopsis.  PHA accumulation using oilseed rape and maize resulted in 0.1- 6% of 
PHA accumulation in plastids (Houmiel et al., 1999; Valentin et al., 1999).  In potato and 
tobacco, the same constitutive CaMV 35S promoter construct used in Arabidopsis was not 
very successful and caused problems in transformation efficiency and recovery of transgenic 
lines.  Although the problems were solved by using an inducible promoter system in potato 
and tobacco, the PHA accumulation was very low at the level of 0.02% in potato and 0.04% 
in tobacco (Bohmert et al., 2002).  Accumulations of PHB in sugar beet (Menzel et al., 2003) 
and in sugarcane (Petrasovits et al., 2007; Purnell et al., 2007) were also successful.  
Recently, switchgrass was successfully transformed to produce PHB in plastids yielding up 
to 3.5 % of dry weight of tissue (Somleva et al., 2008). 
Improving fibers qualities by introducing PHB into plants was also attempted.  
Introducing PHB genes using a stem-specific promoter resulted in successful accumulation 
of PHB in flax stems without any growth defects or leaf chlorosis (Wróbel et al., 2004; 
Wrobel-Kwiatkowska et al.).   It has been also successfully engineered to accumulate in 
cotton plants (John and Keller, 1996).  The levels of PHB accumulations were very low, but 
the fiber properties were successfully improved in PHB-accumulating flax and cotton.   
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Acetyl-CoA in plant metabolism and the PHB synthetic pathway 
Acetyl-CoA is an interfacing metabolite in catabolic and anabolic metabolic 
processes, such as the tricarboxylic acid cycle, fatty acid biosynthesis and β-oxidation.  In 
plants, it is also an intermediate for a wide range of specialized metabolites including 
isoprenoids, polyketides, and sterols.  Acetyl-CoA is present in various compartments such 
as the cytosol, plastids, mitochondria and peroxisomes (Fatland et al., 2002).  Due to 
impermeability of acetyl-CoA across cellular compartments, each compartment has distinct 
metabolic pathways for providing acetyl-CoA for further metabolic processes (Fatland et al., 
2002; Fatland et al., 2005).   
Metabolic pathways in living organisms form a very complex network.  Because 
acetyl-CoA is involved in many metabolic processes across various compartments, it is not 
easy to predict the overall metabolic consequences of producing foreign material in plants, 
such as PHB, which uses plastidyl acetyl-CoA as a precursor (Figure 1).  Because PHB 
accumulation in plastids is a terminal carbon sink in plants, the researches of PHB-
accumulating plants will provide information about how plants respond when there is a high 
demand of acetyl-CoA in the plastid.  
Switchgrass as a PHB-producing plant 
Switchgrass (Panicum virgatum L.) is a perennial grass native to North America 
(Lewandowski et al., 2003).  Switchgrass has been proposed as a potential biofuel crop since 
it grows fast, is adapted to marginal land, and uses efficient C4 photosynthesis (McLauglin et 
al., 2006; Sanderson et al., 2006; Heaton et al., 2008; Schmer et al., 2008).  Further, 
switchgrass also has the potential to produce biorenewable chemicals including PHB 
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(Somleva et al., 2008; Keshwani and Cheng, 2009).  Producing PHB in switchgrass would 
provide cost-effective and environmentally friendly production of biofuel and biodegradable 
polymers at the same time.  
Dissertation organization 
The dissertation consists of six chapters.  Chapter 1 is a general introduction 
presenting background information about the accumulation of PHAs in plants by genetic 
engineering.  Chapter 2 is a manuscript to be submitted to The Plant Journal, and about 
metabolomic and transcriptomic analysis of PHB-accumulating Arabidopsis.  I am 
responsible for all the figures except figure 2, 3, and corresponding results and discussion.  
The contributions of other authors to this manuscript are as follows: Dr. Kristi Snell from 
Metabolix Inc. provided PHB-accumulating lines and a control line of Arabidopsis, and 
quantified PHB levels.  Dr. Hilal Ilarslan captured the images of plastids structure of plants 
using transmission electron microscopy.  Dr. Dianne Cook in Department of Statistics helped 
me on statistical analysis and visualization of the results.  Dr. Basil Nikolau guided me in the 
protocols for metabolite profiling and acyl-CoA quantification.  Chapter 3 is a paper 
published in the Journal of Chromatography B (Perera et al., 2009) about developing 
quantitative method for acyl-CoA in plant tissue using liquid chromatography coupled to 
mass spectrometry (LC-MS-MS).  Dr. M. Ann D.N. Perera and I contributed equally to this 
paper.  I am responsible for all the figures and experiments, except optimizing parameters of 
LC-MS-MS for acyl-CoA detection.  Chapter 4 is a comparative metabolite profiling of 
Arabidopsis and switchgrass, a manuscript to be submitted to BioMed Central (BMC) Plant 
Biology.  I am responsible for all the figures and corresponding results and discussion.  
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Chapter 5 is metabolomic analysis of PHB-accumulating switchgrass, a manuscript to be 
submitted to BMC Plant Biology.  I am responsible for all the figures except figure 2, and 
corresponding results and discussions.  Dr. Maria Somleva and Dr. Kristi Snell from 
Metabolix Inc. provided PHB-accumulating lines and wild type switchgrass, and quantify 
PHB level which shows in figure 2.  Chapter 6 is a general conclusion summarizing and 
discussing the results presented in chapters 2 to 5.   
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Figure 1. Schematic diagram of plant metabolism in PHB-accumulating plants 
PHB-accumulating plants accumulate PHB in the plastid by sequential reactions of three 
bacterial enzymes targeted to the plastid.  Because of the complex network of plant 
metabolism connected to acetyl-CoA across compartments, comprehensive and systematic 
research is required to understand metabolic responses of plant to PHB accumulation in 
plastids.  
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CHAPTER 2: METABOLOMIC AND TRANSCRIPTOMIC ANALYSIS 
OF POLYHYDROXYBUTYRATE (PHB) ACCUMULATING 
ARABIDOPSIS UNVEIL METABOLIC CONSEQUENCES OF A 
FOREIGN ACETYL-COA SINK IN PLANT PLASTIDS 
A paper to be submitted to The Plant Journal 
Suh-Yeon Choi1, Dianne Cook2, Hilal Ilarslan1, Kristi Snell4,  
Basil J. Nikolau3 and Eve Syrkin Wurtele1 
1Department of Genetics, Development and Cell Biology, 2Department of Statistics, 
3Department of Biochemistry, Biophysics, and Molecular Biology, Iowa State University, 
Ames, IA 50011, USA, 4Metabolix, Inc., 21 Erie St., Cambridge, MA 02139, USA 
Summary 
Polyhydroxyalkanoates (PHAs), a class of biodegradable polyesters (bioplastics) 
possessing properties making them suitable replacements for petroleum-based plastics, have 
been produced in plants by genetic engineering.  However, plant lines containing 
economically viable production levels of bioplastics (7-15% dry weight) tend to have 
reduced biomass.  To develop a high PHA-yielding plant, it is critical to systematically study 
the metabolic effects of addition of new genes.  To understand carbon utilization in the 
presence of a foreign sink of the plastidic acetyl-CoA, metabolite profiles (determined by 
non-targeted GC-MS analysis), acyl-CoAs accumulation patterns (determined by 
LC/MS/MS), and transcriptomic profiles were determined from PHA-accumulating and 
control Arabidopsis under three different light regimes.  Transcriptomic and metabolomic 
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data were evaluated using exploRase (MetNet Platform, http://metnetdb.org) software to 
analyze and visualize omics data.  There are major differences in the levels of PHB 
accumulation, metabolite accumulation, and phenotypic severities of the PHB-accumulating 
plants grown under different light regimes; the level of PHB accumulation was highest under 
long day (16hr light), while the metabolic and morphological phenotype was most severe 
under constant illumination (24hr light).  Acetyl-CoA levels were similar regardless of the 
level of PHB accumulation, suggesting that this metabolite might not be rate limiting to PHB 
granule formation.  Four metabolites, fumarate and three fatty acids (18:3, 16:2, 14:0) 
differentially accumulate in proportion to PHB accumulation across all three light 
regimes.  The accumulations of transcripts of cell wall synthesis and plastid structural 
components were significantly altered.  These changes in plastid structural transcripts may be 
associated with the reduced thylakoid organization in the PHB-accumulating lines.  However, 
levels of transcripts more directly involved in supplying plastidic acetyl-CoA were 
unchanged. 
 
Keywords: polyhydroxybutyrate (PHB), metabolomics, transcriptomics, Acetyl-CoA 
Introduction 
Plants serve as solar-energy powered biochemical factories.  Rapid developments in 
molecular biology during the past decades allow us to manipulate plant genomes to generate 
specific products for human use, such as biopharmaceuticals and biorenewables (Daniell et 
al., 2001; Mett et al., 2008; Nikolau et al., 2008).   
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Polyhydroxyalkanoates (PHAs) are a class of biodegradable polyesters that are 
naturally produced by many bacteria as a storage molecule (Williamson and Wilkinson, 
1958; Dawes, 1988; Vazquez et al., 1996).  Since PHAs could potentially replace petroleum-
based polymers and also are biodegradable, there has been a strong interest in producing 
PHAs economically in living cells (Reddy et al., 2003).  PHAs can be produced via large 
scale bacterial fermentations and a 50,000 ton/annum facility for production of these 
bioplastics is currently under construction (http://www.mirelplastics.com).  Because plant-
based production of PHAs would provide a solar powered source of biodegradable plastics 
with reduced capital cost, PHAs production in plants is being pursued.  PHAs are produced 
from acetyl-CoA by the sequential reaction of three enzymes: 3-ketothiolase (phaA), 
acetoacetyl-CoA reductase (phaB), and PHA synthase (phaC).  Polyhydroxylbutyrate (PHB), 
a common PHA in nature, is produced by the following reactions (Dawes, 1988):  
 
phaA;              2 acetyl-CoA          acetoacetyl-CoA + CoASH  
phaB;          acetoacetyl-CoA +NADPH+H+          D-3-hydroxy-butyryl-CoA + NADP+ 
phaC:    D-3-hydroxy-butyryl-CoA        polyhydroxybutyrate + CoASH 
 
Poirier et al. (1992) first engineered plants to produce PHA by introducing phaB and 
phaC genes into Arabidopsis with these proteins targeted to the cytosol.  However, plants 
that accumulated as little as 0.1% dry weight of PHB have severe growth defects.  The 
authors attributed this phenotype to changes in cytosolic acetoacetyl-CoA and acetyl-CoA 
availability, which could impact essential biochemical pathways such as isoprenoid 
biosynthesis.  To minimize growth defects, they proposed producing PHB in a subcellular 
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compartment.  One such compartment is the peroxisome, where β-oxidation occurs, and thus 
it contains potential substrates for PHB production (Mittendorf et al., 1998).  In this 
experiment, various lengths of medium chain PHAs accumulated in plant peroxisomes.  
However, to date, a maximum of 0.6% dry weight of PHB has been obtained (Mittendorf et 
al., 1998; Hahn et al., 1999).  Nawrath et al. (1994) targeted the enzymes phaA, phaB, and 
phaC to the plastids of Arabidopsis, under the control of constitutive promoter CaMV 35S.  
These plants accumulated up to 14% of PHB, exhibited fewer growth defects than the lines in 
which PHB accumulation was cytosolic, and did not have fertility problems.  By introducing 
a multigene construct of all three enzymes targeted to the plastids of Arabidopsis, PHB 
accumulation increased to up to 40% of the dry weight, but caused severe growth retardation 
and chlorosis (Bohmert et al., 2000).  The organic acids fumarate and isocitrate were 
decreased in these PHB-accumulating plants.   
PHAs have been produced in other plant species using the same strategies as for 
Arabidopsis, however consistently smaller yields have been obtained.  PHA accumulation of 
0.05-6% dry weight has been obtained in oilseed rape, maize (Houmiel et al., 1999; Valentin 
et al., 1999), sugar beet (Menzel et al., 2003), sugarcane (Petrasovits et al., 2007; Purnell et 
al., 2007), and switchgrass (Somleva et al., 2008).  In related research, introduction of PHB 
genes to flax stems (Wróbel et al., 2004; Wrobel-Kwiatkowska et al., 2007) and cotton fibers 
(John and Keller, 1996) improved fiber properties for both species.  
It is not currently possible to predict the metabolic consequences of producing novel 
materials in plants, presumably due to complex signaling across cellular compartments 
(Dellapenna, 2001; Oliver et al., 2002).  Acetyl-CoA, the initial substrate for PHA synthesis, 
is at the interface of catabolic and anabolic metabolic processes, such as the tricarboxylic 
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acid cycle, fatty acid biosynthesis and β-oxidation.  In plants, it is also an intermediate for a 
wide range of specialized metabolites including isoprenoids, polyketides, and sterols (Fatland 
et al., 2002).  Acetyl-CoA is present in various compartments such as cytosol, plastids, 
mitochondria and peroxisomes; because it is not permeable to the membrane of cellular 
compartments, each compartment has distinct metabolic pathways for acetyl-CoA production 
(Fatland et al., 2002; Fatland et al., 2005).   
Here, we analyze the metabolomic and transcriptomic consequences of PHB-
production in Arabidopsis.  The PHB synthesis pathway in plastids would provide a novel 
carbon sink for acetyl-CoA; our results provide insight into changes in metabolic networks 
when there is a high plastidic demand of carbon flux toward acetyl-CoA.    
Results  
Day length affects the severity of phenotype of PHB-accumulating plants. 
Accumulation of storage products in photosynthetic organisms is highly regulated by 
day length (Stitt et al., 1978; Lu et al., 2005).  Therefore, we investigated the relationship 
between day length and PHB accumulation in the plastid.  In total, four plant lines were used 
in this study (Kourtz et al., 2007): two PHB-accumulating lines driven by the 
glucocortocoid-inducible promoter system (IND7, IND11), a PHB-accumulating line driven 
by the constitutive CaMV 35S promoter (UBIQ) and a control plant line containing vector 
only to confer resistance to kanamycin.  Plants were grown under three different day lengths; 
long day (LD; 16 h light-8 h dark), short day (SD; 8 h light-16 h dark) and constant 
illumination (24 h light) with controlled temperature and humidity, until 4 rosette leaf stage 
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(morphological stage 1.04: (Boyes et al., 2001)).  PHB synthesis genes were induced (Kourtz 
et al., 2007) for an additional 11 days.  
Strong phenotypic differences characterize the PHB-accumulating plants that are 
grown under the three different light regimes (Figure 1).  Specifically, all three transgenic 
lines containing PHB biosynthetic genes grown under SD appear near normal, displaying 
minimal growth defects and minimal leaf chlorosis.  In contrast, growth of these same lines 
under LD confers a range of leaf chlorosis, growth retardation, and reduced seed production. 
Growth under constant illumination leads to yet more severe leaf chlorosis, great reduction in 
proportional size, and reduced seed yield.   
The level of PHB accumulation is dependent on day length. 
To understand the interaction among the light regimes, phenotype and the level of 
PHB accumulation, PHB concentration was quantified in individual plants grown under the 
three light regimes.  Rosette leaves of IND7, IND11, UBIQ, and CONT plants grown under 
SD, LD and constant illumination (a total of 67 samples) were collected; to minimize 
developmental variation, the 5th  to 10th rosette leaves of individual plants were harvested.  
Samples were flash frozen and stored in liquid nitrogen until analysis.  Aliquots of these 
samples were sent for PHB quantification, the rest was retained in liquid nitrogen.  This 
method enabled us to evaluate PHB levels and retain the identical samples for 
transcriptomics, and metabolomics determinations. 
PHB accumulation depends on the light regime in which the plants are grown (Figure 
2).  The average PHB accumulation across all PHB-accumulating lines is highest in plants 
grown under LD, intermediate under constant light, and lowest under SD.  Indeed, mean 
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PHB accumulation was > 4-fold higher in plants grown under LD as compared to SD or 
constant illumination.  The level of PHB among all three PHB-accumulating lines, as well as 
across each individual line, differed according to the illumination regime (p-value <0.05, t-
test); and this effect was apparent despite large variation among individual plants of the two 
inducible PHB-accumulating lines (Figure 2).  The highest level of PHB accumulation was 
found in IND11, and it was 18.7% dry weight under LD, 2.3% under SD, and 6% under 
constant illumination.  Interestingly, although PHB accumulation under constant illumination 
is lower than that under LD, the phenotype of the plant lines grown under constant 
illumination is more severe than the phenotype of the same lines grown under LD.  
PHB accumulation and illumination conditions are associated with a disrupted 
chloroplast structure. 
To determine whether changes in cellular ultrastructure are associated with PHB 
accumulation, we examined mature rosette leaves harvested from three plants from each of 
the four transgenic lines grown under LD.   Plant material was screened by light microscopy 
(LM) using Nile blue staining (Kitamura and Doi, 1994) to confirm accumulation of PHB in 
leaf samples (data not shown).  Ultrastructure of these samples was then evaluated by 
transmission electron microscopy (TEM) (Figure 3).  PHB granules in plastids of PHB-
accumulating lines are easily detected, and are distinguishable from the discoidal-shaped 
starch granules (Zeeman et al., 2002) also present in these samples.   
PHB-accumulating plastids show an aberrant structure.  The structure of the stacked 
grana in PHB-accumulating plastids is disrupted as compared with that of control plants 
(Figure 3, green arrows).  Among the plastids we have observed, more than 70% of PHB-
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accumulating plastids contain less than 50% of grana structure compared to wild type 
plastids (Figure 3).  In addition, plastoglobuli (lipid bodies) staining positively with osmium 
tetroxide, are greatly diminished (less than half) in PHB-accumulating plants (Figure 3, blue 
arrows).  Interestingly, there appears to be an association between plastoglobule-like regions 
staining positively with osmium tetroxide and the formation of PHB bodies (Figure 3, pink 
arrow).  This coincidence reflects a locational relationship between these two types of 
hydrophobic bodies. 
Metabolites altered in PHB accumulating plants. 
Metabolic profiling provides relatively high-throughput data on the state of 
metabolism.  The accumulation of PHB in plastids might be expected to affect levels of 
several metabolites (Bohmert et al., 2000), reflecting the complexity of the plant metabolic 
and regulatory network (Oliver et al., 2002).  Accumulating high molecular PHB may act as 
a novel carbon sink and may produce side products that could otherwise affect the network.  
To investigate possible changes in the levels of metabolites in PHB-accumulating plants, we 
analyzed metabolites using a non targeted gas chromatogrphy coupled to mass spectrum 
(GC-MS) based metabolite profiling (Bligh and Dyer, 1959; Roessner et al., 2001).  In these 
studies, aliquots from a total of 58 samples of 5th to 10th rosette leaves from PHB-
accumulating and control plant grown under SD, LD, and constant illumination were 
analyzed.  These samples were extracted in methanol, separated into polar and non-polar 
phases, derivatized, and analyzed by GC-MS (Table S1).   
A total of 174 peaks were detected in the nonpolar extracts and 152 peaks were 
detected in the polar extracts.  The levels of metabolites are calculated based on the 
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integrated peak area of metabolites as detected on the total ion chromatogram (TIC), 
normalized to spiked internal standards (Table S2).  Because the variation in levels of PHB 
accumulation among individual plant samples was large (from 0.3% to 18.7% dry weight), 
we chose to examine correlations between the levels of metabolites and PHB accumulation to 
identify differentially-accumulating metabolites.  For each light regime, Pearson’s 
correlations were calculated between the levels of each metabolite and PHB accumulation 
(Figure S1).  Those metabolites that accumulate with a negative correlation (< -0.5) to PHB 
accumulation, and those that accumulate with a positive correlation (> 0.5) in all 3 light 
regimes are listed in Table 1.   
Four metabolites, fumarate and three fatty acids (18:3, 16:2, 14:0) are differentially 
accumulate proportion to PHB accumulation levels universally under all three light regimes.  
Most of the other metabolites accumulate proportionally to the level of PHB are not common 
across plants grown under the three light conditions, at least at the criteria used for this 
selection (Table 1).  For example, the levels of hydroxy-tetracosanoic acid (24:0-OH) and 
hydroxy-tetracosenoic acid (24:1-OH) are correlated to PHB accumulation level in PHB-
accumulating plants grown under constant illumination, but not LD or SD.  In contrast, levels 
of sucrose and trehalose are correlated to PHB accumulation in plants grown under LD.   
Interestingly, the number of metabolites altered in PHB-accumulating plants is largest 
in plants grown under constant illumination.  Thus, even though the level of PHB 
accumulation is lower in plant lines grown under constant illumination than that in the same 
lines grown under LD, the LD plants have fewer shifts in the metabolic profile.  This result is 
consistent with the observation that PHB-accumulating plants grown under constant 
illumination have the most severe phenotypes (Figure 1).     
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To further evaluate which specific metabolites differently accumulate in PHB-
accumulating lines, we compared metabolite levels between high PHB (> 5% dry weight) 
and control plants grown under LD.  Figure 4 shows the levels of metabolites of each plant 
and the fold changes of mean accumulations between high PHB-accumulating and control 
plants.  Table 3 shows the metabolites accumulate differently in PHB-accumulating plants 
(fdr corrected p-value < 0.1).  The decreases in linolenic acid (18:3) levels were 2-fold 
(IND11) to 5-fold (IND7), and increases of myristic acid (14:0) were 20-fold (IND11) and 
13-fold (IND7), with an fdr-corrected p-value ≤ 0.003.  The accumulation of beta-sistosterol 
and campesterol are 2- to 4-fold lower (fdr-corrected p-value ≤ 0.03) in PHB-accumulating 
plants grown under LD, which was not found in our previous correlation analysis.  This may 
indicate that the differential accumulation of beta-sistosterol and campesterol in PHB-
accumulating cells without high correlation to PHB accumulation level.  
Acetyl-CoA levels are unaffected by PHB-accumulation in transgenic 
Arabidopsis.  
Since PHB synthesis requires acetyl-CoA as substrate, we tested whether levels of 
acetyl-CoA or related CoA derivatives might be altered in plants with a significant flux to 
PHB.   Because acyl-CoAs are unstable, they cannot be detected by GC-MS analysis; 
therefore, we examined the levels of acetyl-CoA and other acyl-CoAs using liquid 
chromatography coupled with mass spectrometry (LC/MS/MS) (Perera et al., 2009).  
Specifically, we compared the acyl-CoA profiles of samples from leaves of plants 
accumulating PHB (6% dry weight) with samples from a control line (Figure 5).  The 
accumulation of acetyl-CoA is similar, although mean accumulation is slightly higher (1.2-
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fold) in PHB-accumulating plants (not significant, n=9).  Acetoacetyl-CoA and 3-hydroxy 
butyryl-CoA, also intermediates of PHB synthesis, are 1.8-, and 2.3-fold higher in PHB-
accumulating plants (p-value <0.05, t-test); succinyl-CoA and 3-methylcrotonoyl-CoA 
accumulations are also increased (1.7-fold and 2.3 fold, p-value <0.05, t-test) in PHB-
accumulating plants.  
Microarray analysis of PHB accumulating plants 
To elucidate changes in metabolic regulation in PHB-accumulating plants at the 
transcription level, samples from three PHB-accumulating LD-grown plants (IND7, PHB = 
5%, 6%, and 6.4% per dry weight) and three control plants were analyzed on Affymetrix 
gene chips.  To identify transcripts that were differentially accumulated, linear models and 
empirical Bayes methods (Smyth et al., 2005) were applied using the ‘omics data analysis 
tool, exploRase (metnetDB.org) (Wurtele et al., 2003; Lawrence et al., 2008).  One hundred 
and three transcripts that differentially accumulated at q-value < 0.05 were identified (Storey 
and Tibshirani, 2003).  Of these 54 were up-regulated and 49 were down-regulated and their 
annotations are listed in Table S4.   
To evaluate whether transcripts of particular gene ontology (GO) were affected by 
PHB-expression, the list of 103 genes were analyzed using GOstat (Beissbarth and Speed, 
2004).  Two GO terms, light-harvesting complex (cellular component, GO: 0030076) and 
photosynthesis (biological process, GO: 0015979) are most significantly changed using 
Fisher’s exact test (p-value <0.001).  To visualize transcripts with significant changes (p-
value <0.05), GO terms and p-values from Fisher’s exact test were analyzed using GOTree 
(metnetDB.org) and visualized in Cytoscape v2.60 (Figure 6).  Among the cellular 
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component, genes encoding for thylakoid membrane localized proteins and genes encoding 
for cell wall biosynthesis component seem to be significantly changed in PHB-accumulating 
plants grown under LD.   
We examined the list of genes changed upon PHB accumulation via NetworkGE (Jia 
et al., 2009).  NetworkGE allows us to examine the networks of the pathway ontology with 
data using Google Earth.  The transcripts designated as highly connected in pathways among 
those that are differentially accumulating in PHB-accumulating plants are visualized in 
NetworkGE (Figure S3).  Changes in abundance of transcripts in PHB-accumulating plants 
associated with thylakoid membranes are also distinct in this view.  
To evaluate possible transcriptome-level regulation of acetyl-CoA metabolism in 
plastids, we evaluated changes in transcripts of core metabolism using MetaOmGraph 
(metnetDB.org) (Figure S4).  Somewhat surprisingly, levels of transcripts encoding proteins 
for central metabolic pathways including starch biosynthesis, glycolysis, the TCA cycle, and 
carbon assimilation (which might be expected to play a role in providing substrate, i.e., 
acetyl-CoA, for producing PHB), were similar regardless of PHB accumulation.  In particular, 
transcripts encoding enzymes required for the direct supply of acetyl-CoA in the plastid and 
cytosol (Figure S4, A) do not vary in response to PHB accumulation.   
In contrast, the accumulation levels of several transcripts involved in cell wall 
loosening are changed (Table S4).  Notably, the accumulation of xyloglucan 
endotransglycosylase (XTR7; AT4G14130) is increased 52-fold, expansin (ATEXPA14; 
AT5G56320) is increased 4.5-fold, and the expansin-like gene (ATEXLA1; AT3G45970) is 
decreased 3.5-fold in PHB-accumulating Arabidopsis as compared to control plants.  In 
addition, abundances of a number of transcripts encoding cytochrome 450s are affected: 
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CYP705A13 (AT2G14100) is induced 17-fold, CYP96A1 (AT2G23180) 1.5-fold induction, 
and CYP97B3 (AT4G15110) is reduced 5-fold in PHB-accumulating Arabidopsis.  Finally, 
17 genes whose functions are unknown were affected up to 11-fold in association with PHB 
accumulation.   
Discussion  
To understand the consequence of accumulating foreign compounds in plants and to 
generate economically viable levels of it, systematic and global understanding of plant 
metabolic regulation is important.  Here, the metabolic consequences of a novel carbon sink 
in plants are studied using PHB-accumulating Arabidopsis grown under different day length 
regimes; LD, SD, and constant illumination.  There are major impacts in the levels of PHB 
accumulation and phenotypic severity in PHB-accumulating plants grown under these 
illumination regimes.  
Growing Arabidopsis under SD normally delays flowering, prolongs the vegetative 
growth stage (Koornneef et al., 1998).  Rosette leaves of 4-week-old PHB-accumulating 
Arabidopsis grown under SD are larger than those of PHB-accumulating plants grown under 
LD or constant illumination.  However, SD plants do not accumulate high levels of PHB 
(Average PHB accumulation is 1.7% dry weight under SD; 8.4% under LD; 4.4% under 
constant illumination).  In contrast, the natural carbon sink, starch (Figure 7), which is the 
major carbon storage form in vegetative plant organs, accumulates to higher levels under SD 
as compared to LD (Chatterton and Silvius, 1979; Hewitt et al., 1985; Matt et al., 1998; 
Gibon et al., 2004).  In spinach and barley, carbon assimilation rates under SD were lower 
than those under LD (Riens et al., 1994).  If this is also the case in the PHB-accumulating 
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Arabidopsis grown under SD (i.e., less carbon is assimilated during the day in plants grown 
under SD compared to LD), less carbon would be available to supply for PHB accumulation 
under SD than under LD. This could provide one explanation for the lower PHB 
accumulation level under SD.   
Another possibility is that reduced NADPH may be limiting to PHB synthesis under 
SD (Figure 8).  NADPH is regenerated predominantly by the photosynthetic light reactions 
during the day (Buchanan et al., 2000).  Since PHB synthesis requires redox power from 
NADPH, it may be critical to have sufficient day length to regenerate enough NADPH.  
Consistent with this concept, Lepisto et al. (2009) reported that knock out mutants of plastid-
localized NADPH-dependent thioredoxin reductase have a photoperiod-dependent phenotype 
that is more severe under SD than under LD.  This may suggest that the plastidic redox state 
differs under SD and LD.  If so, an insufficient supply of reducing power as NADPH could 
be a limiting factor for high PHB accumulation in plants. 
It might be thought that constant illumination would increase carbon assimilation 
because the light reaction would always be available.  However, in sugar beet, prolonging 
illumination does not result in higher starch accumulation, but causes more sucrose to be 
exported (Li et al., 1992).  Similarly, Arabidopsis plant lines containing genes for plastid-
targeted PHB biosynthetic enzymes that are grown under constant illumination do not 
accumulate as much PHB as plant lines grown under LD.  Excess carbon assimilated in 
prolonged illumination may be exported from PHB-accumulating cells rather than used for 
PHB synthesis in the plastid.  Furthermore, Lu et al. showed that the protein levels of starch 
degradation-related enzymes accumulate at lower level after 49 h of continuous light (Lu et 
al., 2005).  Thus, starch degradation, may be less active in plants grown under constant light.  
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An alteration in carbon flux may explain in part why prolonged light does not translate into 
an increase in PHB accumulation.   
In addition, the phenotype of PHB-accumulating Arabidopsis under constant 
illumination (compared to LD or SD) is more severe: plants are smaller, leaf chlorosis is very 
evident, and the levels of more metabolites are significantly different as compared to control 
plants. 
The accumulation of malate in PHB-accumulating plants under constant illumination 
is highly negatively correlated with PHB accumulation.  Malate is transported from the 
cytosol to plastid; in the plastid it can provide a source of pyruvate for generation of acetyl-
CoA (Smith et al., 1992).  Considering the redox state of plastids in PHB-accumulating 
plants, it is possible to have increased flux with this malic enzyme-mediated process since 
this process also supplies a NADPH (Figure 8).  Malate (cytosol) to pyruvate (plastid) flux 
might result in a net outflux of malate from the mitocondria and a consequent shortage of 
TCA cycle intermediates.  A shortage of metabolites in the TCA cycle could also influence 
the acetyl-CoA pool through a reduction in cytosolic citrate, the substrate for cytosol acetyl-
CoA (Fatland et al., 2005), and cause shortages of some of the many metabolites synthesized 
from acetyl-CoA in the cytosol.  Indeed, PHB-accumulating plants grown under constant 
illumination show decreased levels of other metabolites involved in the TCA cycle as well as 
decreases in several sterols and long chain fatty acids, metabolites that are derived from 
cytosolic acetyl-CoA (Figure 7).   
PHB-accumulating plants display disruptions in grana stacking, decreased levels of 
18:3 and 16:3 fatty acids, the major constituents of plastid membrane galactolipids (Joyard et 
al., 1998), and lower levels of transcripts encoding light harvesting chlorophyll a/b (LHC) 
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binding proteins; LHCB 2.1, LHCB 2.2, and LHCB 2.4.  Considering that LHC is the major 
source of plastidic NADPH, the observed aberrations in plastids and decreases in LHCB 
transcripts in PHB-accumulating plants are consistent with NADPH availability being 
limiting.  Several transcripts encoding cytochrome p450s differentially accumulate in PHB-
accumulating plants.  A number of thioredoxin-like transcripts change their accumulation as 
well; TTL4 (tetratricopetide-repeat thioredoxin-like 4) transcript was 2.2-fold lower and 
thioredoxin (AT5G61440) was 3.5-fold higher.  This may also indicate that the redox state in 
PHB-accumulating plants is altered from that of control plants.  
Acetyl-CoA pool size would be expected to play a role in PHB accumulation.  
However, the levels of acetyl-CoA are similar in PHB-accumulating and control plants.    
The analytic method we used does not distinguish the levels of acyl-CoAs in each 
compartment, so it is possible that the acetyl-CoA pool is decreased in the plastid, but 
increased elsewhere.  However, it is probably more likely that the acetyl-CoA pool is not 
under limited supplied in PHB-accumulating plants.  The levels of the CoA derivatives, 
acetoacetyl-CoA and 2-hydroxybutyl-CoA are slightly increased in PHB-accumulating plants. 
It seems that acetyl-CoA level is well maintained in PHB-accumulating plants. 
It might have been expected that, as a consequence of an altered carbon flux in PHB-
accumulating plants, levels of transcripts encoding metabolic enzymes of fatty acid 
metabolism, the pentose phosphate pathway, and other primary metabolic processes would 
be affected.  However, we did not detect any major changes in such transcripts.  Instead, a 
numbers of transcripts encoding enzymes related to cell wall modifications and phospholipid 
synthesis were altered; one possibility is that such alterations reflect changes in substrate 
availability of cell wall components such as glucans and plastidic membrane fatty acids.   
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In summary, neither the acetyl-CoA level nor transcripts encoding metabolic enzymes 
involved in fatty acid and other primary metabolism are altered in plants accumulating PHB. 
We propose shifts in metabolism at the post-transcriptional level that could affect substrate 
availability for PHB production.  One possibility is that the ratio or concentration of 
NADPH/NADP+ is altered; such a shift in redox would affect the activities of many relevant 
enzymes, and would also affect the NADPH available for the synthesis of PHB itself.  
Our study suggests that not only the genotype, but also the light regime under which 
the germplasm is grown, have major consequences for the accumulation levels of PHB, 
availability of metabolites, and the severity of the phenotype of the plants.  This finding has 
significant practical importance: the light conditions must be carefully considered in studies 
of PHB-production.  Our data is consistent with an alteration in redox potential may play 
complex role in PHB accumulation.  
Experimental procedures  
Plant materials and growth conditions 
Seeds for transgenic Arabidopsis lines of PHB-accumulating (3 lines) and control 
plants were obtained from Metabolix. Inc. (Kourtz et al., 2007). Sterilized seeds were sown 
on MS solid media containing 1% (w/v) of sucrose and 30 µg/ml Kanamycin in 100 x 15 mm 
petri dishes.  Plates were placed in growth chambers maintained at constant temperature 
(22oC) and humidity (70%) under long day (LD, 16 h light, 8 h dark), short day (SD, 8 h light, 
16 h dark), or constant illumination (24 h light), light intensity of 80-150 μmol m-2s-1.  
Seedlings were transplanted into soil at stage 1.04 (4 rosette leaves) (Boyes et al., 2001).  To 
achieve maximal induction of PHB genes, plants were induced by 100 μM methoxyfenozide 
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for 11 days by foliar application and root drenching (Kourtz et al., 2007). The 5th-10th 
rosette leaves were collected from individual plants at mid-day (LD, 8 h after beginning of 
light; SD, 4 h after beginning of light), flash frozen, and stored in liquid nitrogen until 
analyzed.  Samples from each plant were distributed equally under liquid nitrogen for PHB 
quantification, metabolite profiling, and transcriptomic analysis.  
Transmission Electron Microscopy (TEM) 
Arabidopsis rosette leaves of the control and the three PHB lines grown under LD 
were collected at mid-day and immediately fixed in 2.5% (v/v) glutaraldehyde and 2% (w/v)  
paraformaldehyde in 0.1 M sodium cacodylate buffer (pH 7.2), under low vacuum (18 psi 
Hg) for 2-4 h at room temperature.  The samples are post fixed in 1% (w/v) osmium tetroxide 
in 0.1 M sodium cacodylate (pH 7.2), enblock stained in 5% uranyl acetate in dH2O for 2 
hours, dehydrated in a graded ethanol series (50, 70, 85, 95, and 100%; 20 min per step), 
followed by two changes of ultrapure 100% ethanol.  Samples are infiltrated in a series of 3:1, 
1:1, 1:3 acetone: Spurr’s resin (v/v) (Spurr, 1969), pure resin overnight, and finally 
embedded in a second change of Spurr’s resin.  Resin was polymerized for 24 h at 60oC.  
Thin sections (60–90 nm) were cut with a Diatome diamond knife (www.emsdiasum.com) 
and stained with 5% aqueous uranyl acetate and in lead citrate for 30 min (Sato, 1968).  
Sections were observed with a JEOL 1200 EX-II STEM at 80 kV (www.jeol.com) and 
images were captured with an SIS Mega View III camera and software (www.olympus.com).  
All images were digitally collected. 
Quantification of polyhydroxybutyrate (PHB)   
Arabidopsis rosette leaf samples were lyophilized prior to analysis.  Dried plant tissue 
was ground to a fine powder prior to addition of 3 mL of butanolysis reagent (90% v/v 
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butanol, 10% v/v concentrated HCl (14 N stock)) and internal standard (0.5 mg/mL 
diphenylmethane).  PHB standards (0-10 mg) were prepared at the same time.  The samples 
were incubated at 110°C for three hours with frequent vortexing, removed from the heat, and 
allowed to cool prior to the extraction of impurities with 3 mL of water.  The resulting 
organic phase was analyzed by gas chromatography/mass spectroscopy using an Agilent 
5973 GC/MS in selected ion monitoring mode equipped with a DB-225MS column and 
guard.  The selected ions of the butyl-3-hydroxybutyrate ester were 87, 89, and 43.1 amu.  
The selected ions for the internal standard are 148.1, 167.1 and 152.1 amu. 
Metabolic profiling and quantification 
Samples were extracted using the hot methanol extraction method (Bligh and Dyer, 
1959; Roessner et al., 2001) with modifications. Samples were homogenized in liquid 
nitrogen with internal standards (glutaric acid, adipic acid, pimeric acid, ribitol each 20 μl of 
1 mg/ ml H2O, and nonadecanoic acid 20 μl of 2 mg/ml chloroform), transferred to glass 
tubes containing 2 ml of methanol, and placed at 70°C for 15 minute.  0.5 ml of H2O and 1 
ml of CHCl3 were added and vortexed for 1 minute.  Additional 0.5 ml of H2O was added to 
separate polar and nonpolar phase.  The lower, nonpolar phase was methylated by adding 2 
ml of 1N hydrochloric acid in methanol and incubated 90°C for 1 h.  After extracted with 4 
ml of H2O twice and dehydrated by adding anhydrous Na2SO4, extracts were filtered through 
Iso-DiscTM 13 mm x 0.20 µm PTFE (Supelco, Bellefonte, PA) and completely dried using 
nitrogen gas.  Upper polar phase was filtered through a Iso-DiscTM 13 mm x 0.20 µm PTFE 
filter (Supelco, Bellefonte, PA) and completely dried using a speedvac system (Savant 
instruments, Farmingdale, NY).  The dried polar extracts were methoxymated by 20 mg/ml 
of methoxyamine-hydrochloride in pyridine at 30°C for 90 min, and both polar and nonpolar 
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extracts were silylated by N, O-bis (trimethylsilyl) trifluoroacetamide with 1% 
trimethylchlorosilane at 37°C for 1 h.  
GC/MS analysis was performed in the W. M. Keck Metabolomic research Lab in 
Iowa State University.  A GC series 6890 from Agilent Technologies (Palo Alto, CA) 
coupled with 5973 Agilent mass detector, using Capillary HP-5 (30mX0.25 mm id, film 
thickness 0.25um) column and helium carrier gas was used. The column temperature was 
programmed to increase from 70°C to 260°C at a rate of 5°C/min, then held for 10 min, and 
again up to 320°C at a same rate.  Detected Mass (m/z) range was 50-750, and total running 
time was 60 min. 
Metabolite profile data processing and integration 
Chromatograms were integrated according to total ion chromatogram (TIC) using 
Enhanced ChemStation G1701DA Version D.00.00.38 (Agilent Technologies, Palo Alto, 
CA)  Peaks were integrated and aligned using MSFACTs (Metabolomics Spectral Formatting, 
Alignment and Conversion Tools) (Duran et al., 2003).  The data matrices analyzed in R (r-
project.org) and exploRase (metnetDB.org) (Wurtele et al., 2003; Lawrence et al., 2008) to 
visualize and analyzed the omics data sets.  
Acyl-CoAs profiling and quantification  
Samples were extracted and analyzed as described in (Perera et al., 2009).  In short, 
frozen leaf samples were grounded in liquid N2 with internal standard (5 µl aliquot of 100 
µM 2-butenoyl-CoA) and extracted using 10% (w/v) ice-cold trichloroacetic acid (TCA) 
followed by three successive partitioning with ice-cold diethyl ether, to remove the TCA.  
The aqueous extract was recovered, filtered through Iso-DiscTM 13 mm x 0.20 µm PTFE 
filter (Supelco, Bellefonte, PA), flash-frozen and lyophilized in a Speed Vac (Savant 
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Instruments, Farmingdale, NY).  The dried extract was dissolved in 50 µl of ice-cold 10 mM 
ammonium formate (pH 4.6), and 10 µl of the extract were injected to LC-MS-MS system; 
an Agilent MSD Ion trap mass spectrometer (model SL), coupled to an Agilent 1100 Series 
HPLC system that was also coupled to a diode array detector (Agilent Technologies, Palo 
Alto, CA).   
Chromatography was conducted with an AscentisTM C18 (10 cm x 2.1 mm x 3 µm) 
column, equipped with a SupelguardTM AscentisTM C18 (2 cm x 4.0 mm, 5 µm) precolumn 
(Supelco, Bellefonte, PA).  The column was maintained at 25oC, and the auto sampler for 
injecting the samples were maintained at 4oC.  LC mobile phases were: 90% 10 mM 
ammonium formate, pH 4.6, 10% methanol (solvent A), and 10% 10 mM ammonium 
formate, pH 4.6, 90% methanol (solvent B).  The elution gradient was as follows: 0-5 min 
100% solvent A; 5-12 min linear gradient to 100% solvent B; 12-30 min 100% solvent B; 30-
35 min linear gradient to 100% solvent A. The flow rate was 0.2 ml/min.  The mass 
spectrometer was operated in positive ion mode with the source voltage set at 3500 V, 
skimmer at 40.0 V, and capillary exit at 153.9 V. Nebulizer pressure was set to 20.0 psi and 
325 oC, with drying gas (nitrogen) flow rate at 8 l/min. Helium was used as the collision gas. 
In MS-MS mode, parent ions were isolated at a bandwidth of 4 AMU and after 2 ms, 
fragmentation was applied at 1 V with amplitude 100%, and scanned between m/z values of 
200 and 1200 with ion charge control of 30,000 ions or 300 ms.  MRM (Multiple reaction 
monitoring) was used for the quantitative determination of acyl-CoAs.  The quantification 
was based on monitoring of 3 specific MS-MS fragments for each acyl-CoA, using the 
calibration curve of each acyl-CoA standards (Sigma-Aldrich, Molwaukee, WI).  Isolated 
fragment ions were analyzed with Bruker software version 4.2 (www.bruker.com). 
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RNA extraction and Affymetrix gene chip analysis 
Total RNA was extracted using Trizol extraction system (Invitogen, Carlsbad, CA) 
and cleaned with RNeasy kit (Qiagen, Valencia, CA, USA) according to the manufacturer’s 
protocol.  The quality and concentration of total RNA were determined by running on 
nanochip system using Agilent Bioanalyzer (Agilent Technologies, Palo Alto, CA).  
Transcripts were quantified using the Arabidopsis Genome ATH1 Array from Affymetrix.  
Hybridization and scanning were performed at the Genechip Facility in Iowa State University, 
using one-cycle target labeling and control reagent package, Genechip hybridization oven 
640, Genechip Scanner 7G, and Affymetrix Genechip Operation Software version 1.4. 
Probe signals were processed with the RMA (Robust Multi-Array) method (Irizarry et al., 
2003) using Bioconductor package in R (bioconductor.org).  
Transcriptomic profile data integration and visualization 
For assessing differential expression, linear models and empirical Bayes methods 
(Smyth et al., 2005) were applied using the ‘omics data analysis software, exploRase 
(Wurtele et al., 2003; Lawrence et al., 2008).  Overrepresented gene ontology terms were 
analyzed using Gostat  (http://gostat.wehi.edu.au/) (Beissbarth and Speed, 2004), and 
visualized using GOtree (http://metnetdb.org) and cytoscape V. 2.6 
(http://www.cytoscape.org).  Gene annotations and pathway information were found using 
AtGeneSearch (http://metnetdb.org/MetNet_atGeneSearch.htm) (Wurtele et al., 2003; 
Wurtele et al., 2007).  The expression levels of transcripts in particular pathway were 
analyzed and visualized using MetaOmGraph 
(http://metnetdb.org/MetNet_MetaOmGraph.htm) (Wurtele et al., 2007).  The highly 
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connected nodes among differentially expressed genes were examined using NetworkGE (Jia 
et al., 2009). 
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Figure S1. Correlation of metabolites to PHB accumulation level  
Pearson's correlation of the levels of metabolites and PHB accumulation was calculated. 
Metabolites with negative correlation with PHB accumulation level in plants grown under 
LD are shown here. Orange dot: Control line, blue dot: UBIQ, green dot: IND7, brown dot: 
IND11 
 
Figure S2. Full set of graphical comparison of metabolite levels in high PHB-
accumulating plants and control plants  
Y-axis, metabolites detected by GC-MS ordered by accumulation level in control line (lowest 
to highest). X-axis, fold change in metabolite level (log2 difference) as compared to control.  
Open circles, fold change of metabolite level in individual replicate plant. Closed circle, 
mean.  Red lines and identities, metabolites accumulate at > 2-fold higher level in PHB-
accumulating lines.  Blue lines and identities, metabolites accumulated at > 2-fold lower 
level in PHB-accumulating lines.   
 
Figure S3. NetworkGE view of highly connected transcripts among the differentially 
expressed transcripts in PHB-accumulating Arabidopsis compared to control.  
 
Figure S4.  Accumulations of transcripts encoding core metabolic processes in PHB-
accumulating and control plants 
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 Levels of transcripts encoding genes involved in acetyl-CoA synthesis (A), acetyl-CoA 
biotin network (B), Calvin cycle (C), starch biosynthesis (D), glycolysis (E), and pentose 
phosphate pathway (F). Control plants (left 3, orange) and PHB-accumulating plants (right 3, 
blue box). The pathway information and the graph was created using MetaOmGraph 
(www.metnetDB.org). Transcriptional changes were not significant at q-value < 0.05.   
 
Table S1. Experimental design for non-targeted GC-MS based metabolite profiling 
Four plant lines; two inducible PHB-accumulating lines (IND7, IND11), one constitutive 
PHB-accumulating line (UBIQ) and a control line (Kourtz et al., 2007) were grown under 
short day (SD:8 h light-16 h dark), long day (LD; 16 h light-8 h dark), and constitutive 
illumination (24 h light).  Overall, 58 plant samples were analyzed by GC-MS.  (Two plant 
samples grown under constant illumination condition were not able to be analyzed because of 
the small sample size.) 
 
Table S2. The GC-MS based non-targeted metabolite profiling data from 5th -10th 
rosette leaves of plants grown under three different light regimes  
The levels of metabolites are calculated based on the integrated peak area of metabolites 
normalized to internal standards peak areas and sample weight. Total of 174 non polar 
metabolites and 152 polar metabolites are integrated.   
 
Table S3. RMA expression measure of in PHB-accumulating Arabidopsis (IND7.1-
IND7.3) and control plants (CONT.1-CONT.3) grown under long day (LD).  
 
Table S4. Transcripts differentially accumulated in PHB-accumulating Arabidopsis 
compared to control plants grown under LD 
The 103 genes with q-value <0.05 were listed here.  Fold change is back-transformed (RMA 
measure: log2 base transform) from difference in mean of 3 replicates of PHB-accumulating 
plants and control plants.  Gene annotations of differentially accumulated genes, p-values, 
and fold increase (decrease) in PHB-accumulating plant compared to control are listed.  The 
gene annotations were found in AtGeneSearch (www.metnetDB.org).  
 
 
* Figure S1, S3, S4, Table S1, and Table S4 are attached after Figures and Tables.  Figure S2, 
Table S2 and S3 are not included in the text but available from website listed above. 
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Figure 1. Phenotype and PHB content of PHB-accumulating plants grown under three 
light regimes 
Phenotype and the PHB accumulation level in 5th - 10th rosette leaves (% dry weight) are 
affected by light regimes.  PHB-accumulating plants grown under constant illumination show 
the most severe phenotype.  Inducible lines grown under LD condition have the greatest level 
of PHB (average of 8% dry weight per plant) but a near-normal size and morphology.  
bar = 1 cm  
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Figure 2. Mean PHB accumulation varies depending on light regime.   
Three lines of PHB-accumulating plants containing constitutive (UBIQ) or inducible (IND7, 
IND11) expression of PHB synthesis genes, and a control (vector-only) line were grown 
under three different light conditions; long day (LD; 16 h light/8 h dark), short day (SD; 8 h 
light/16 h dark) and constant illumination (24 h light). The 5th - 10th rosette leaves were 
collected from individual plants to provide biological replicates (n > 4) at 11 days after 
induction.  B) PHB accumulation varied according to light regimes, and was highest in LD.  
Despite variation in PHB accumulation among individual PHB-accumulating plants (n > 4), 
the average PHB accumulation of all 3 PHB-accumulating lines was statistically different 
across each of the 3 light regimes (purple bars a-c, p-value<0.05, t-test). (nd); not detected; 
error bar = standard deviation 
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(TEM pictures by Hilal Ilarslan) 
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WT plastid 0 0 0 9 19 9
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Figure 3.  Plastid structure in rosette leaves of control and PHB-accumulating (PHB) 
Arabidopsis grown under long day (16hr light)  
PHB granules (PHB) in the plastids of PHB accumulating lines are easily detected, and 
distinguishable from the discoidal starch granule(S).  The plastid structure is disrupted in 
PHB accumulating plastids, especially in stacked grana (green arrows); 19 out of 26 plastids 
have less than half of grana stack as compared to control plastids.  Interestingly, the lipid 
body (plastoglobuli; PL) was greatly diminished in PHB-accumulating plastids.  PHB 
granules appear to be associated with plastoglobuli based on observations of possible 
intermediate bodies (part-plastoglobuli and part-PHB granule), pink arrows.  S: starch 
granule; PHB: PHB granule; PL: plastoglobuli; m: mitocondria 
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Figure 4. Graphical comparison of metabolite levels in high PHB-accumulating plants 
and control plants  
Y-axis, metabolites detected by GC-MS ordered by accumulation level in control line (lowest 
to highest). X-axis, fold change in metabolite level (log2 difference) as compared to control 
line.  Open circles, fold change of metabolite level in individual replicate plant. Closed circle, 
mean.  Red lines and identities, metabolites accumulate at > 2-fold higher level in PHB-
accumulating lines.  Blue lines and identities, metabolites accumulated at > 2-fold lower 
level in PHB-accumulating lines.  PHB lines with high PHB-accumulation level (5%-18%) 
shown here. n=6 for IND7, n=5 for IND11, n=4 for control.  Supplementary figure S2 shows 
the full set of graphical comparisons.  Data analyzed and visualized in statistical software, R 
(www.r-project.org).   
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Figure 5. Acyl-CoA concentrations in control plants and PHB-accumulating plants 
(UBIQ-PHB) 
Acyl-CoAs were analyzed by LC-MS-MS (Perera, 2009) from a PHB-accumulating line 
(UBIQ-PHB) and a control line.  Mean accumulation of several acyl-CoAs are increased in 
PHB-accumulating plants; acetoacetyl-CoA (1.8-fold), 3-hydroxybutyryl-CoA (2.3-fold), 
succinyl-CoA (1.7-fold) and 3-methylcrotoyl-CoA (2.3-fold). n=9.    , statistically significant 
(p-value < 0.05, t-test)  
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Figure 6. Over-represented Gene Ontology (GO) cellular components for differentially 
accumulated transcripts in PHB-accumulating compared to control lines.   
Over-representation of GO terms was analyzed in Gostat (Beissbarth and Speed, 2004).  p-
values and genes were loaded into GOpath (www.metnetdb.org) and visualized in Cytoscape 
(www.cytoscape.org).  Over-represented terms are marked as       (Fisher's exact test, p 
<0.05).  Genes located in the plastid stroma, thylakoid membrane and plastoglobuli are 
highly affected in PHB-accumulating plants.  GO terms of differentially accumulated 
transcripts are listed in Table S4.  
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Figure 7. Schematic diagram of metabolism in PHB accumulating Arabidopsis  
Metabolites negatively correlated to PHB accumulation, blue; metabolites positively 
correlated to PHB, red (Table 1).  Metabolites which located downstream of acetyl-CoA in 
plastid, mitochondria, and cytosol are accumulated lower levels in PHB-accumulating plants 
compared to controls.  Such decreased accumulations of metabolites on downstream of 
acetyl-CoA are mostly apparent when plants are grown under constant illumination.  
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Figure 8. Schematic diagram of metabolic processes related to possible redox state in 
plastid of PHB-accumulating Arabidopsis 
Due to disrupted structure of grana (Figure 3) and high flux to PHB synthesis which requires 
reducing power from NADPH, the redox state of NADPH requires high demand of reducing 
power.  Malate to pyruvate may be one process driven by limited NADPH, and may result in 
differential accumulation of many metabolites in cytosol.  Under constant illumination, 
export of excess carbon is more active (Li et al., 1992), which may result in severe shortage 
of metabolite availability in PHB accumulating cells.  OPPP: oxidative pentose phosphate 
pathway  
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Peak No. ID (candidate ID) SD LD CI
p13 glycine -
p17 fumarate - - --
p34 unknown -
p35 malate -
p61 1,6-anhydroglucose -
p62 (xylose) -
p81 (6-deoxy-glucitol) -
p84 shikimic acid --
p86 isocitrate -
p90 arabinonic acid gamma-lactone -
p95 fructose -
p113 sinapic acid -
p116 myo-inositol - -
p139 unknown -
p144 sucrose -
p148 trehalose -
np49 unknown - -
np53 hexadecadienoic acid (16:2) -- -- --
np54 hexadecatrienoic acid (16:3) - -
np56 unknown -
np57 palmitoleic acid (16:1) -
np66 unknown -
np69 palmitic acid (16:0) - -
np72  linoleic acid (18:2) -
np80 unknown - -
np82 (4-methyl-hexadecane) - -
np87 unknown -
np88 linolenic acid (18:3) - - --
np100 unknown -
np112 unknown -
np123 unknown -
np124 unknown -
np128 erucic acid (22:1) - -
np131 behenic acid (22:0) - -
np134 unknown --
np159 hydroxy nervonic acid (24:1-OH) -
np160 hydroxy lignoceric acid (24:0,-OH) -
np172 campesterol -
np173 beta-sitosterol -
-
-
 
               Table 1 (continued on next page) 
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Peak No. Candidate ID SD LD CI
p2 (pyruvate) +
p8 unknown + + 
p9 unknown + + 
p12 glycerol +
p20 threonic acid-1,4-lactone +
p28 gluconic acid +
p29 unknown (tryptamine) +
p39 erythritol +
p49 threonic acid + + 
p66 (xylitol) +
p120 unknown + +
p121 (mannitol) + +
p125 unknown +
p126 (6-deoxy mannose) +
np10 unknown +
np17 unknown +
np33 (14:0) + + + + + 
np68 unknown + +
 
 
 
Table 1. GC-MS peaks (metabolites) correlated to PHB accumulation levels 
The metabolites in 5th to 10th rosette leaves of PHB-accumulating and control plants grown 
under SD, LD, and constitutive illumination were extracted based on (Roessner et al, 2001) 
with modifications, and GC-MS peaks were detected from polar and non-polar fractions. Due 
to large variability of PHB accumulation in PHB-accumulating plants, we examined the 
correlation of the levels of metabolites and PHB (Pearson's correlation) within each light 
regime.  The metabolites with correlations to PHB larger than 0.5 or less than -0.5 under SD, 
LD, or constant illumination were summarized in this table.  The changes in accumulation of 
metabolites in PHB-accumulating plants were not same over three different light regimes.  
 
+ : correlation between 0.5 and 0.8; ++ correlation bigger than 0.8 
- : correlation between -0.5 and -0.8; -- correlation less than -0.8 
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umulated differently in high PHB accumulating (>5%) inducible 
d.  
own.  
he nonpolar peaks derived from polyhydroxybutyrate are not included in this list.  
 
np161 hexacosanoic acid (26:0) (2.03) (2.16) 0.096
peak 
No. metabolite
fold 
(decrease) 
in I
fold 
(decrease) 
in IN
fdr 
corrected
p-value
np088 linolenic acid (18:3) (5.84) (2.08) 0.003
np033 myristic acid (14:0) 0.003
p139 unknown 0.003
p016 glyceric acid 0.003
p116 myo-Inositol 0.004
p014 sucinnic acid (2.40) (1.04) 0.007
np017 (octacosane) 0.007
p061 1,6-anhydroglucose 0.009
p017 fumarate 0.013
np173 beta-sitosterol 0.021
np172 campesterol 0.029
p148 trehalose 0.038
p033 unknown 0.039
np054 hexadecatrienoic acid (16:3) 0.048
np110 (nonadecane) (6.46) (4.60) 0.061
p121 (mannitol) 0.079
np174 unknown 0.088
increase 
ND7
increase 
D11
12.70 20.31
(2.01) (3.57)
(2.40) (1.24)
(2.12) (1.79)
2.68 7.80
(1.58) (2.35)
(3.64) (1.53)
(4.20) (3.48)
(2.05) (2.23)
(2.05) (2.94)
(2.07) (2.57)
(1.77) (2.07)
2.66 4.29
(3.74) (2.41)
 
 
 
Table 2. Metabolite acc
lines grown under LD 
The selected metabolites accumulated more than 2-fold differentially (p-value <0.1) in high 
PHB-accumulating (> 5% dry weight) plants compared to control grown under LD are liste
The fold increase (decrease) and fdr corrected p-values (from limma analysis) are sh
T
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p17 p61 p62 p116 p139 p144 p148
PH
B
 a
cc
um
ul
at
io
n
(%
 o
f d
ry
 w
ei
gh
t)
(µmole/g FW tissue )
Covariance (X,Y) 
Variance (X)*  Variance (Y)Correlation (R) =
np53 np54 np72 np88np56 np69
Peak No. metabolite R Peak No. metabolite R
p17 fumarate -0.50 np53 hexadecadienoic acid (16:2) -0.50
p61 1,6-anhydroglucose -0.52 np54 hexadecatrienoic acid (16:3) -0.50
p62 (xylose) -0.62 np56 unknown -0.68
p116 myo-Inositol -0.64 np69 palmitic acid (16:0) -0.51
p139 unknown -0.59 np72 octadecadienoic acid (18:2) -0.51
p144 sucrose -0.55 np88 octadecatienoic acid (18:3) -0.63
p148 trehalose -0.58
CONT UBIQ IND7 IND11
 
Figure S1. Correlation of metabolites to PHB accumulation level  
Pearson's correlation of the levels of metabolites and PHB accumulation was calculated. 
Metabolites with negative correlation with PHB accumulation level in plants grown under 
LD are shown here. Orange dot: Control line, blue dot: UBIQ, green dot: IND7, brown dot: 
IND11 
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Figure S3. NetworkGE view of highly connected transcripts among the differentially 
expressed transcripts in PHB-accumulating Arabidopsis compared to control.  
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A
B
CONT IND7
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S4.  Accumulations of transcripts encoding core metabolic processes in PHB-
accumulating and control plants 
 Levels of transcripts encoding genes involved in acetyl-CoA synthesis (A), acetyl-CoA 
biotin network (B), Calvin cycle (C), starch biosynthesis (D), glycolysis (E), and pentose 
phosphate pathway (F). Control plants (left 3, orange) and PHB-accumulating plants (right 3, 
blue box). The pathway information and the graph was created using MetaOmGraph 
(www.metnetdb.org). Transcriptional changes were not significant at q-value < 0.05.   
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D
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Figure S4. (Continued)   
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PHB-producingControl
1 (2)51 (2)4constant 
illumination
101044LD
3644SD
IND11IND7UBIQControl
 
 
 
 
 
Table S1. Experimental design for non-targeted GC-MS based metabolite profiling 
Four plant lines; two inducible PHB-accumulating lines (IND7, IND11), one constitutive 
PHB-accumulating line (UBIQ) and a control line (Kourtz et al., 2007) were grown under 
short day (SD:8 h light-16 h dark), long day (LD; 16 h light-8 h dark), and constitutive 
illumination (24 h light).  Overall, 58 plant samples were analyzed by GC-MS.  (Two plant 
samples grown under constant illumination condition were not able to be analyzed because of 
the small sample size.) 
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CHAPTER 3: QUANTITATIVE ANALSYSIS OF SHORT-CHAIN 
ACYL-COENZYME A IN PLANT TISSUE BY LC-MS-MS 
ELECTROSPRAY IONIZATION METHOD  
Modified from a paper published in Journal of Chromatography B 
M. Ann D.N. Perera1§, Suh-Yeon Choi2,3§, Eve Syrkin Wurtele2,3 and Basil J. Nikolau1,2,4* 
Abstract 
Because acyl-CoAs play major roles in numerous anabolic and catabolic pathways, the 
quantitative determination of these metabolites in biological tissues is paramount to 
understanding the regulation of these metabolic processes. Here, we report a method for the 
analysis of a collection of short-chain acyl-CoAs (<6 carbon chain length) from plant 
extracts.  Identification of each individual acyl-CoA was conducted by monitoring specific 
mass-fragmentation ions that are derived from common chemical moieties of all coenzyme A 
(CoA) derivatives, namely the adenosine triphosphate nucleotide, pantothenate and acylated 
cysteamine.  This method is robust and quick, enabling the quantitative analysis of up to 12 
different acyl-CoAs in plant metabolite extracts with minimal post-extraction processing, 
using a 30 minutes chromatographic run-time.  
Keywords: Coenzyme-A; acyl-CoA; LC-MS-MS; plants; metabolites 
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1. Introduction 
Coenzyme A (CoA) is composed of three chemical moieties, an adenosine 
triphosphate nucleotide, pantothenate and cysteamine.  The metabolically important portion 
of the molecule is the sulfur atom associated with the cysteamine moiety, which reacts with a 
carboxylic acid, to form an acyl-thioester derivative.  Such acyl-CoA derivatives act as 
carriers of the activated acyl group, and can undergo further metabolic conversions. These 
acyl-CoA derivatives are critical intermediates in a number of metabolic processes, including 
the metabolism of fatty acids, amino acids, the initial reactions of the mevalonate pathway of 
isoprenoid biosynthesis, and the tricarboxylic acid cycle.  Examples of acyl-CoAs include 
acetyl-CoA, an intermediate in many metabolic processes juxtaposed between biosynthetic 
and catabolic processes, and between primary and secondary metabolism; malonyl-CoA, an 
intermediate of fatty acid and polyketide biosynthesis; and 3-hydroxy-3-methylglutaryl CoA 
(HMG-CoA), the precursor of the mevalonate pathway of isoprenoid biosynthesis and an 
intermediate of leucine catabolism.  In fact, over 20 acyl-CoAs are commercially available, 
and these are only a small subset of the acyl-CoAs that occur in metabolism.   
 Because of the functional imperative of acyl-CoAs in many metabolic processes, 
several methods have been developed to separate, detect, and quantify these molecules from 
biological samples.  However, because of their low abundance, it has been difficult to 
generate a robust method that has the dynamic range to comprehensively detect and quantify 
CoA derivatives in biological extracts.  For example, reverse phase-HPLC in conjunction 
with the inherent UV absorbance of the adenine moiety of the CoA molecule has been used 
to detect many of the acyl-CoAs [1].  However, the lack of sensitivity and specificity (due to 
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the fact that metabolite extracts contain many adenine-containing metabolites) has been a 
limiting issue.  Therefore, post-extraction derivatization chemistry has been developed to 
generate fluorescent-derivatives of acyl-CoAs, which can be quantified by HPLC separation 
coupled to a fluorescent detector [2]. Alternatively, gas chromatography methods have also 
been reported using FID [3] or mass spectrometer as the detector [4,5]; these methods also 
require post-extraction chemical derivatization.  
HPLC coupled to mass spectrometry (LC-MS) has emerged as a powerful tool for 
analyzing acyl-CoAs, demonstrating high sensitivity while possessing the ability to confirm 
the structure of the molecule for validation as a part of detection. The feasibility of LC-
MS/MS techniques to identify and quantify acyl CoAs in biological samples has been 
described [6-12].  However, few authors have reported the analysis of acyl-CoAs in plant 
extracts [2,12-14]. We report herein a method for quantitative analysis of a collection of short 
chain, acyl-CoAs from plant tissue. This method can be utilized with any LC-MS/MS 
instrument capable of electrospray ionization (ESI). 
2. Experimental 
2.1 Materials 
All solvents and chemicals used in this study were HPLC grade  (Sigma-Aldrich, 
Molwaukee, WI), unless otherwise stated.  All acyl-CoA standards were purchased from 
Sigma-Aldrich (Milwaukee, WI) as either sodium or lithium salts, and were dissolved in 10 
mM ammonium formate, pH 4.6. Ammonium formate (LC-MS grade) was purchased from 
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Fluka (Sigma-Aldrich; Milwaukee, WI). Tricholoroacetic acid (TCA) and diethyl ether were 
reagent grade (Sigma-Aldrich, Milwaukee, WI). 
2.2 Plant growth conditions 
 Arabidopsis thaliana (ecotype Col-0) plants were grown from seeds in a 
growth room maintained at 24 oC, at 50 µEm-2s-1 illumination.  Initially, sterilized seeds were 
sown on MS solid media containing 0.1% (w/v) sucrose, in Petri dishes.  After breaking seed 
dormancy by maintaining the Petri dishes at 4 oC for 4-days, the plates were transferred to a 
growth room, where they were held in a near-vertical position for 16-days.  The aerial 
portions of the resultant young plants were harvested, flash frozen, and stored in liquid 
nitrogen. For leaf and silique samples, 2-week-old plants were transplanted into soil and 
grown for an additional 4 weeks in a growth room.  Siliques were collected 5-8 days after 
flowering, and leaves were collected at the same time from the same plants. 
2.3 Extraction of plant tissue samples 
 Just before extraction, a 5 µl aliquot of 100 µM 2-butenoyl-CoA was added to the 
frozen plant tissue (~200 mg) as an internal standard. Tissue was pulverized in extraction 
buffer using a Ten-Broek glass homogenizer.  To optimize the extraction method, three 
different extraction procedures were tested.  One of these used phosphate buffered propanol-
acetic acid extraction buffer (propanol-acetic acid) [2], another procedure used cold 10% 
TCA followed by purification using an SPE column (TCA-SPE column) [10].  The third 
(TCA-ether partitioning), which proved to the most efficient, was as follows. Ten percentage 
(w/v) ice-cold TCA was added to the frozen, powderized plant material.  Following 
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homogenization and vigorous vortexing of the extract for 3 minutes, the TCA suspension was 
centrifuged at 10,000 xg for 10 min at 4 oC.  The pellet was resuspended in 300 µl of 10% 
(v/v) ice-cold TCA by vortexing and the supernatant was recovered after centrifugation. The 
supernatants from the first and second extractions were combined and extracted with three 
successive partitioning with ice-cold diethyl ether, to remove the TCA.  The aqueous extract 
was recovered, filtered through Iso-DiscTM 13 mm x 0.20 µm PTFE filter (Supelco, 
Bellefonte, PA), flash-frozen and lyophilized in a Speed Vac (Savant Instruments, 
Farmingdale, NY). The dried extract was dissolved in 50 µl of ice-cold 10 mM ammonium 
formate (pH 4.6) and injected into the LC-MS. 
2.4. LC-MS-MS analysis 
 An Agilent MSD Ion trap mass spectrometer (model SL), coupled to an Agilent 1100 
Series HPLC system that was also coupled to a diode array detector (Agilent Technologies, 
Palo Alto, CA) was used for analytical determinations. Chromatography was conducted with 
an AscentisTM C18 (10 cm x 2.1 mm x 3 µm) column, equipped with a SupelguardTM 
AscentisTM C18 (2 cm x 4.0 mm, 5 µm) precolumn (Supelco, Bellefonte, PA). Column 
maintained at 25 oC, and the auto sampler for injecting the samples were maintained at 4 oC.  
Routinely, 10 µl of the extract was injected per analysis. LC mobile phases were: 90% 10 
mM ammonium formate, pH 4.6, 10% methanol (solvent A), and 10% 10 mM ammonium 
formate, pH 4.6, 90% methanol (solvent B). The elution gradient was as follows: 0-5 min 
100% solvent A; 5-12 min linear gradient to 100% solvent B; 12-30 min 100% solvent B; 30-
35 min linear gradient to 100% solvent A. The flow rate was 0.2 ml/min.  
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The mass spectrometer was operated in positive ion mode with the source voltage set 
at 3500 V, skimmer at 40.0 V, and capillary exit at 153.9 V. Nebulizer pressure was set to 
20.0 psi and 325 oC, with drying gas (nitrogen) flow rate at 8 l/min. Helium was used as the 
collision gas. The full scan data were obtained between m/z values of 700 and 1200 to 
identify the molecular ion of individual acyl-CoA molecules. In MS-MS mode, parent ions 
were isolated at a bandwidth of 4 AMU and after 2 ms, fragmentation applied was applied at 
1 V, with an amplitude range of 30 - 200%, and scanned between m/z values of 200 and 
1200. The collision energy was optimized for neutral loss and MRM (multiple reaction 
monitoring).  The infusion experiments were carried out using seven segments within 2 
minutes. Amplitude range from 0.5, 0.75, 1.0, 1.5, 1.75 and 2.0 V were applied in each 
segment. All the LC-MS experiments were obtained using 30,000 ions or 300 ms in ion 
charge control. MRM was used for the quantitative determination of acyl-CoAs. The 
quantification was based on monitoring of specific MS-MS fragments ion for each acyl-CoA. 
Isolated molecular ions and fragment ions were analyzed with Bruker software version 4.2 
(www.bruker.com). 
3. Results  
3.1 Methods development 
 We developed an LC-MS-MS based method to analyze CoA and a range of CoA 
derivatives, particularly focusing on the short-chain acyl derivatives ranging from acyl chain 
lengths from 2 to 6 carbons.  Because of the low abundance of these molecules in plants and 
their inherent instability, methods for analyzing CoA derivatives need to be highly sensitive 
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and sufficiently robust to ensure high recovery of these metabolites for quantification 
purposes. We therefore optimized three phases of the analytical procedure: (1) the protocol 
for extraction of acyl-CoAs from plant materials; (2) the LC method for separating each CoA 
derivative; and (3) the MS-MS protocol for identifying and quantifying each CoA derivative. 
Optimizing separation of commercial acyl-CoA standards by LC was our first focus. 
Elution of the acyl-CoAs was detected with the mass spectrometer operated in positive mode, 
without fragmentation, to monitor the eluting ions (in full scan mode).  Based upon prior 
studies, we initially used reverse-phase chromatography with the AscentisTM amide C18 
column (15 cm x 4.6 mm x 3 µm), but better separation and higher resolution was obtained 
by using the AscentisTM C18 column (10 cm x 2.1 mm x 3 µm).  Chromatography with this 
latter column was then optimized using a series of different elution gradient buffers 
consisting of a 10 mM ammonium formate/methanol mixture, adjusted to pH 2.2, 4.6, 7.0 
and 9.0. Optimal base-line separation, narrow eluting peaks, and a minimum time of 
chromatography for separating 12 different CoA derivatives were obtained at pH 4.6. Figure 
1 illustrates the optimized separation of 12 acyl-CoAs. 
To optimize the mass-spectrometry ionization and fragmentation parameters for 
distinguishing different acyl-CoAs, 50 nM solutions of each standard were infused into the 
mass spectrometer.  These MS experiments were conducted in both positive and negative ion 
modes that produce protonated (M + H)+ or deprotonated (M - H)- ions in the chosen solvent 
conditions (buffered with ammonium formate at pH 4.6).  The (M + H)+ ions were generated 
more efficiently than the (M - H)- ions [15]; thus positive ion mode was found to be 3- to 5-
fold more sensitive in the detection of the tested acyl-CoAs (Table I).   
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MS-MS spectra were generated for the standard acyl-CoAs, so that the fragmentation 
patterns could be used as another criterion for identifying these molecules in biological 
extracts.  All protonated acyl-CoAs undergo two major fragmentations, one occurs between 
the pantothenate moiety and the β-phosphate of the adenosine nucleotide and the second 
occurs between the α- and β-phosphates of the adenosine nucleotide moiety [8] (Fig. 2). The 
formation of an adenosine phosphate fragment plus two monophosphate fragments was 
observed at m/z 428 for all acyl-CoAs including free CoA [2,11,16] (Figure 2). Loss of H2O 
from this m/z 428 fragment produced another common fragment at m/z 410 (Fig. 2).  In the 
fragmentation between the pantothenate moiety and the β-phosphate of the adenosine 
nucleotide, the charge associated with the (M + H)+ parent ion is retained on the (M-507 + 
H)+ fragment ion, which contains the acyl-thioester-cystamine-pantothenic acid moiety (Fig. 
2) [8].  As indicated in Figure 2, the m/z value of this ion is characteristic for each acyl-CoA, 
and can therefore be used to identify the acyl moiety of each CoA derivative.  For example, 
this ion has an m/z value of 303 for acetyl-CoA, 361 for 3-methylcrotonyl-CoA, and 343 for 
succinyl-CoA (Fig. 2).  It should be noted that this LC-MS-MS protocol does not distinguish 
between isomers of acyl-CoAs with identical molecular weights.  For example, it is not 
possible to distinguish between n-butyryl-CoA and isobutyryl-CoA, based solely on this MS-
MS fragmentation pattern, as these isomers generate the identical (M-507 + H)+ fragment ion.    
The collision energy used to fragment each acyl-CoA standard was then optimized for 
each CoA derivative.  This is illustrated with the example of the MS-MS spectra generated 
with propionyl-CoA using stepwise increase in the voltage of  fragmentation from 0.5 to 2.0 
V (Fig. 3).  Based upon these data and similar results obtained with all the standard acyl-
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CoAs, we selected 1.0 V as the optimal collision energy to generate sufficiently abundant 
fragmentation ions to enable identification of each acyl-CoA.  
 We used MRM to identify and quantify each acyl-CoA derivative.  Specifically, the 
abundance of three MS-MS fragment ions, M-507, 428 and 410 was quantified using MRM.  
These ions were selected because 428 and 410 fragments are common to all CoA derivatives, 
and the fragmentation reaction (M+H)+ → (M-507)+ generates an ion that is characteristic for 
each acyl-CoA (Table I).  Calibration curves were generated for each acyl-CoA standard 
(Fig. 4).  These analyses indicated that the response of the mass-detector was linear over a 
range of 4-orders of magnitude (from 0.1 pmol to 2 nmol).  However, the response of the 
detector was different for each acyl-CoA, with the method being most sensitive for short-
chain monocarboxylate acyl-CoAs (i.e., acetyl-CoA and propionyl-CoA), and least sensitive 
with dicarboxylate acyl-CoAs (i.e., malonyl-CoA and succinyl-CoA) (Table I).  
Extraction of CoA derivatives from plant tissues was initially optimized by spiking 
extracts with a standard (2-butenoyl-CoA) that is not present in the tissue. This standard was 
added to the frozen plant sample immediately prior to extraction.  Three different extraction 
methods were used, varying primarily in the composition of the extraction buffer (propanol-
acetic acid; TCA-SPE column; and TCA-ether partitioning, described in detail in Section2).  
Based on the recovery of the 2-butenoyl-CoA, the best method for optimum extraction was 
TCA-ether partitioning, which provided 62 (+4) % recovery (average of four 
determinations).   
In addition, we ascertained the efficiency of extraction of individual acyl-CoAs by 
comparing the recovery of each acyl-CoA with and without spiking known quantities of that 
acyl-CoA standard to the frozen plant sample.  These experiments indicated that in these 
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optimized conditions, recovery for each acyl-CoA ranged between 20 % and nearly 100 % 
(Table I).  
3.2 Analysis of acyl-CoAs in plant tissues 
Using the optimized protocols as described in Section 3.1, we evaluated the levels of 
individual acyl-CoAs in plant metabolite extracts using two experimental systems.  One of 
these had an environmental variable, comparing the levels of acyl-CoA metabolites in the 
aerial organs of Arabidopsis seedlings maintained either in continuous illumination during 
growth, or after a 3-hour period when illumination was withdrawn (Fig. 5).  The second 
experimental system, which explored changes in acyl-CoAs at two different developmental 
stages, compared the levels of acyl-CoAs in leaves and siliques of 6-week-old Arabidopsis 
plants (Table 11).   
These analyses indicate that succinyl-CoA, acetyl-CoA and butyryl/isobutyryl-CoA 
are the most abundant acyl-CoAs in plant vegetative and reproductive organs (Fig. 5, 
Table11).  This finding is consistent with the fact that these metabolites are intermediates of 
high-flux metabolic processes, including the TCA cycle (succinyl-CoA and acetyl-CoA), 
fatty acid metabolism (acetyl-CoA) and amino acid metabolism (butyryl/isobutyryl-CoA), 
and thus might be expected to accumulate to relatively higher levels.  
In contrast to the effect of changing illumination status of the plant, development had 
a larger impact on the abundance of these metabolites.  Specifically, the acyl-CoAs 
accumulated to much higher levels in developing siliques than in leaves (between 2- and 25-
fold difference; Table II). The explanation for this may be multiple, but is likely due to the 
metabolic status of the respective organs.  Namely, unlike the leaves, which were relatively 
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mature and had ceased expansion, the siliques sampled for these analyses were undergoing 
rapid expansion, and the enclosed developing seeds are actively synthesizing and depositing 
seed reserves (i.e., oil and protein).  This would imply high rates of flux in the metabolic 
processes that generate these seed reserves, and most of the acyl-CoAs we assayed are 
intermediates in these processes, therefore, their abundance might be expected to be elevated 
in this organ.   
Two of the acyl-CoAs that we assayed, malonyl-CoA and acetoacetyl-CoA, were not 
consistently detected in all of the experiments.  Out of 36 attempts to determine the 
abundance of these molecules, malonyl-CoA was detectable in only 15 independent 
experiments, and acetoacetyl-CoA in 26 of the 36 experiments; in those experiments where 
these metabolites were detected, the peak areas were near the detection limits for both of 
these acyl-CoAs (10 and 1 pmol, respectively).  In the case of acetoacetyl-CoA, the number 
of experiments in which this metabolite was undetectable is equally distributed among the 
four different biological samples that were assayed (i.e., siliques, leaves, and seedlings 
maintained under either constant illumination or transiently deprived of illumination).  These 
data may indicate therefore that the acetoacetyl-CoA concentration is near the detection limit 
of this method, which translates to approximately 0.15 nmol/g of tissue, and this 
concentration appears not to be substantially affected by changes in the illumination status of 
the plant or between leaves and siliques.   
In contrast, malonyl-CoA was below the detection limit and thus undetectable in 7 out 
of 9 determinations for seedlings deprived of illumination, and in 8 out of 9 determinations 
for leaves, whereas it was near the detection limit in 6 out of 9 experiments for siliques and 
illuminated seedlings.  These findings may therefore indicate that malonyl-CoA abundance is 
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higher in illuminated tissues (in contrast to tissues deprived of illumination) and in 
reproductive organs (siliques) relative to leaves.  Hence, in the tissues and treatments where 
malonyl-CoA was detected in some of the individual experiments, the concentration of this 
metabolite may be near or below the detection limit of 1.6 nmol/g of tissue.  
4. Discussion 
We report herein the application of an LC-MS-MS system for the detection and 
quantification of short chain acyl-CoAs in plant extracts.  These molecules are unstable, 
difficult to detect, but are important because they participate in many metabolic processes.  
Therefore, the ability to quantify these metabolic intermediates should provide a means of 
assessing regulatory mechanisms that control different metabolic pathways.  Although 
methods for determining the abundance of these metabolites are being increasingly reported, 
few have been applied to plant samples.  The method that we have developed is designed for 
short chain acyl-CoAs, and we have specifically optimized the extraction, the HPLC 
separation and the ionization parameters and MS-detection for each acyl-CoA molecule.  
Due to the alkali-labile nature of the thioester bond inherent in all acyl-CoAs, protocols were 
conducted under acidic conditions; for example, extraction was with TCA, HPLC separation 
was with solvents buffered with ammonium formate at pH 4.6. Ammonium formate (pH 4.6) 
was also used as the ionization reagent, facilitating the detection of the analytes in the 
positive mode.  
Most prior studies of acyl-CoAs in plants have focused on determining the abundance 
of the fatty acid precursors acetyl-CoA, malonyl-CoA and/or, long-chain acyl-CoAs 
[2,4,12,13,17-19]. The experiments we report herein determined the concentrations of a 
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broader collection of short-chain acyl-CoAs than these earlier studies, and for the first time 
we report the abundances of additional CoA esters, such as propionyl-CoA, butyryl-
CoA/isobutyryl-CoA, 2-hydroxybutyryl-CoA, methylcrotonyl-CoA, and succinyl-CoA. 
Succinyl-CoA is the most abundant of the short-chain acyl CoAs whose concentrations were 
determined.  This may not be unexpected given the fact that succinyl-CoA is an intermediate 
of the TCA cycle, a metabolic process that is of major significance in all aerobic organisms.  
However, it was somewhat surprising to find that succinyl-CoA abundance was nearly 20-
fold higher in developing siliques than in leaves.  This may reflect the fact that developing 
fruits (such as siliques) support a higher respiratory flux [20], and may thus be expected to 
demonstrate higher concentrations of intermediates of the TCA cycle.  
Another novel finding of this study, which is consistent with expectations of the 
metabolic status of the tissues under study, is the finding that methylcrotonyl-CoA is more 
abundant in leaves than siliques.  This probably reflects the fact that leucine catabolism 
occurs at a higher rate in leaves that siliques; methylcrotonyl-CoA being an intermediate of 
this mitochondrial catabolic pathway [21,22]. 
Prior studies attempted to evaluate the relative abundances of acetyl-CoA and 
malonyl-CoA, because of the importance of these two metabolites in fatty acid biosynthesis 
[8,13,19,23].  These studies have reported that acetyl-CoA in plants and animals is between 2 
and 80 nmol/g of tissue, and that malonyl-CoA concentrations are considerably below that.  
We have validated our method by determining the concentrations of acetyl-CoA and 
malonyl-CoA in extracts, and obtained results that are consistent with these prior 
experiments. Acetyl-CoA levels are between 0.2 and 3 nmol/g of tissue, and malonyl-CoA 
levels are near or below the detection limit of our method (< 1.6 nmol/g tissue).  
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However, it should be noted that acetyl-CoA is a common intermediate in multiple 
metabolic pathways (e.g., fatty acid biosynthesis, TCA cycle, fatty acid oxidation, cytosolic 
isoprenoid biosynthesis, flavonoid biosynthesis, fatty acid elongation; which occur in 
different cellular and subcellular compartments.  Not all these pathways utilize malonyl-CoA 
as an intermediate [24], thus, a direct comparison of total acetyl-CoA and malonyl-CoA 
levels in tissues may not be a valid basis for making conclusions concerning the potential 
regulatory role of these molecules in fatty acid biosynthesis.  
In summary, this manuscript reports a relatively simple LC-MS-MS method for 
identifying and quantifying different acyl-CoA metabolites in plant extracts. The method has 
wide application in many metabolic studies and can be further expanded to determine the 
concentrations of other acyl-CoAs, as long as chemically defined standards are available for 
method development and validation purposes.   
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Figure 1.  Total ion chromatograms of HPLC-separated acyl-CoA standards using the 
chromatographic separation method described in Section 2.  
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Figure 2.  MS-MS spectra of acetyl-CoA (A), 3-methylcrotonyl-CoA (B), and succinyl-CoA 
(C) obtained at collision energy of 1 V. 
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Figure 3.  MS-MS spectra of propionyl-CoA obtained at different collision energies, from 
0.5 to 2.0 V.  The position of the parent ion [M+H]+ is marked (). 
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Figure 4.  Standard curves for the response of the MS-detector for each acyl-CoA. 
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Figure 5.  Concentration of acyl-CoAs in 16-day old Arabidopsis seedlings grown either in 
continuous illumination ( F ) or grown in continuous illumination and transferred to darkness 
for 3 h ( J ) prior to harvesting and extraction.  Average of 3 analyses, + standard deviation.  
T-Tests indicate that there is no significant difference (P>0.05) in each acyl-CoA 
concentration upon the change of illumination status of the seedlings.   
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Extraction 
efficiency 
(%)
Retention 
time (min)
Ratio of detector 
response at 
positive/negative 
modes 
Parent ion 
[M+H]+
Characteristi
c fragment 
ion [M-507]+
Detector 
response 
(peak 
area/pmol) 
Malonyl-CoA <20 4 4.7 854.6 347.4 10293
Coenzyme A 6 5.6 769.1 262.1 13321
Acetoacetyl-CoA 65 13 4.6 852.6 345.3 41265
2-Butenoyl-CoA 62 13 not determined 836.8 329.2 76556
Acetyl-CoA 62 14 3.7 810.7 303.2 95683
3-Hydroxymethylglutaryl-CoA 60 14 3.9 912.3 405.5 28927
2-Hydroxybutyryl-CoA 60 14.3 not determined 854.6 347.2 57846
Propionyl-CoA 62 15 3.9 824.8 317.2 90284
Butyryl-CoA 60 16 3.1 838.8 331.2 77812
3-Methylcrotoyl-CoA 92 18 4.5 850.7 343.2 12707
Succinyl-CoA 100 18.5 not determined 868.6 361.3 10012
 
 
Table I.  Analytical characteristics of individual acyl-CoAs 
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Siliques Leaves 
Acetyl-CoAb 3.1 + 2.3 0.17 + 0.03
Propionyl-CoA 0.054 + 0.003 0.005 + 0.002
Butyryl-CoA/Isobutyryl-CoA 0.38 + 0.15 0.16 + 0.03
2-Hydroxybutyryl-CoA 0.15 + 0.10 0.017 + 0.008
3-Methylcrotonyl-CoA 0.025 + 0.016 0.032 + 0.023
3-Hydroxymethylglutaryl-CoA 1.1 + 0.6 0.07 + 0.02
Succinyl-CoA 5.0 + 0.5 0.22 + 0.06
bT-Tests indicate that differences in concentatrions are statistically significant (p<0.05).
(nmol/g fresh weight)
a Leaves and siliques are from 6-weeks old plants, and siliques were colected 5-8 days 
after flowering.  Average of 3 determinations  + standard deviation
Acyl-CoA
 
 
Table II. Acyl-CoA abundances in Arabidopsis leaves and siliques 
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Abstract  
Background 
Switchgrass (Panicum virgatum L.), a native North American grass adapted to the 
Midwest and Great Plains area, has been studied intensely recently because of its potential 
use as a biofuel and a source of biorenewable chemicals.  Only a few studies are focused on 
the fundamental biology of switchgrass.  Metabolite profiling provides a powerful approach 
to evaluate metabolism in response to environmental or genetic changes.  Here, we compare 
non-targeted GC-MS-based metabolite profiles of switchgrass to those of the well-known 
model species Arabidopsis to evaluate potential differences in metabolic processes and 
accumulation. 
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Results 
Switchgrass has a very distinctive metabolome compared to Arabidopsis.  The leaf of 
switchgrass accumulates 20-fold less Val, Ser, Thr, and Asp, 50-fold less Gly, 600-fold less 
fumarate, and 5-fold less myo-inositol, than does Arabidopsis.  In contrast, shikimic acid (10-
fold), quinic acid (90-fold), alpha-ketoglutarate (20-fold), and various di- and tri- saccharide 
(hundred of folds) accumulate to higher levels in switchgrass than in Arabidopsis.  
Unsaturated fatty acids such as cis-9-hexadecenoic acid (9-fold), cis-7,10,13-
hexadecatrienoic acid (135-fold) accumulate to lower levels in switchgrass, while unusual 
very long chain saturated fatty acids such as eicosanoic acid, tricosanoic acid, pentacosanoic 
acid, and octacosanoic acid are accumulated between 40-fold and several hundred of folds 
higher in switchgrass.  Sterols and the phenolic compounds caffeic acid, ferulic acid and p-
coumaric acid are hundreds of folds more abundant in switchgrass than Arabidopsis.  
Conclusions 
In this study, we report the switchgrass metabolome contains unusual sterols and odd 
numbered fatty acids.  In addition, we show a massive difference in metabolite accumulation 
between leaves of switchgrass and Arabidopsis.  This may reflect a concomitant difference in 
switchgrass metabolic processes compared to those of Arabidopsis, and give us insight into 
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the distinctive phenotype of the C4 grass, switchgrass.  The results emphases the importance 
of characterize of individual agronomic species.  
Background  
Switchgrass (Panicum virgatum L.) is a widespread, native North American grass 
known for its fast growth, broad environmental adaptation, and C4 photosynthesis, which is 
more effective in high light and more tolerant to environmental stress than C3 photosynthesis 
[1, 2].  Because of the above advantages, switchgrass has been proposed as a potential 
biofuel crop for cost effective production of alternative energy [3-5].  These same 
characteristics confer an advantage to providing biorenewable chemicals in this species [6-8].  
For this reason, research on switchgrass has accelerated, especially in regards to 
biotechnology and agronomy [5].  Only a few studies deal with the basic metabolism and 
physiology of this species, most focusing on the composition of the cell wall because of its 
potential economic value [2, 7, 9, 10].   
Metabolomics is an emerging high-throughput technique to detect many metabolites 
in one analysis [11].  Generally, metabolites in the sample are extracted, analytically 
separated using liquid chromatography (LC), gas chromatography (GC) or capillary 
electrophoresis (CE), and detected and identified using mass spectrometry (MS), nuclear 
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magnetic resonance (NMR), and/or ultraviolet spectroscopy (UV).  Among these techniques, 
GC-MS based metabolite profiling has been used extensively for plant metabolite profiling 
since it is relatively reproducible, easy to perform, and most of all, because identification of 
metabolites is relatively less labor intensive compared to LC-MS and CE-MS based 
techniques [11-13].  GC-MS is widely used as a functional genomics tool to identify 
metabolic responses upon genotypic changes [11, 14-17].  Most plant metabolomics has 
focused on model dicots such as Arabidopsis [14, 18-22], or agronomically important dicots 
such as tomato [23-25], and Medicago [26, 27].  Among grasses, GC-MS based metabolite 
profiles of barley have been evaluated to understand boron toxicity [28] and phosphate 
deficiency [29], rice metabolite profiles have been analyzed in high tryptophan lines [30], 
sugarcane during stem development [31], and wheat grains to compare the effects of several 
farming systems [32].   
To our knowledge, this is the first metabolomics study for switchgrass and the first 
comparative metabolomics study across two taxonomically diverse species.  Here, we have 
compared the GC-MS based metabolite profiles of switchgrass with the profiles of the well-
studied model plant, Arabidopsis.   
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Results  
Collection and analysis of fully expanded leaves of switchgrass 
and Arabidopsis 
Arabidopsis provide a highly characterized model plant species [33] and its 
metabolomics is being intensively investigated [18, 34].  Since Arabidopsis and switchgrass 
are taxonomically and morphologically distinct, metabolite compositions might be expected 
to vary between the two species.  To best compare the difference in metabolite profiles, 
organs from Arabidopsis at a similar developmental stage to those of the switchgrass were 
harvested.    
Switchgrass leaf samples were collected from three month-old wild type plants 
(Alamo 215) grown in a greenhouse under 16 hr light conditions as described in [8].  Fully 
expanded leaves of switchgrass (the second leaf from the root) before the reproductive stage 
(compatible to A-vegetative stage in rice) were collected for metabolomic analysis (Fig 1).  
Four tillers of a similar growth stage, at emergence of the fifth leaf and before flowering, 
were selected as biological replicates. The third and fourth leaves from the same tillers were 
also analyzed: these have metabolite profiles very similar to those of the second switchgrass 
leaves (data not shown).   
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Arabidopsis leaf samples were collected from four-week-old plants grown in a 
growth chamber under controlled light, temperature, and humidity.  The fully expanded 
rosette leaves (5th to 8th) before the reproductive stage (stage 3.5 from [35]) were collected for 
metabolomic analysis (Fig 1).  Rosette leaves from seven plants were pooled as replicates.  
Pooling samples provides one way to reduce biological variation, as shown in transcriptomics 
[36, 37] and proteomics studies [38].   
The metabolites from the leaf of the two species were extracted with method 
described in [39, 40], separated into polar and non polar phases, derivatized and analyzed by 
GC-MS.  Integrated peak areas which denote levels of each metabolite, were analyzed.  All 
procedures were conducted in parallel to reduce variability for the samples from the two 
species.  
Switchgrass has less variation among replicates compared to 
Arabidopsis.  
To compare overall metabolite composition across replicates and species, we used 
three statistical visualization approaches: scatter plots, multidimensional scaling plots (MDS), 
and hierarchical clustering dendrogram [41].   
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The first surprising thing we noticed in these analyses is that switchgrass shows 
relatively little variation among replicates, while there is quite a bit of variation among 
Arabidopsis replicates.  Compare the greater width of data scatter within the Arabidopsis 
replicates (blue box) to the data scatter within switchgrass replicates (red box) (Fig 2A).   
To examine the distance of the metabolome of each replicate, we calculated a 
distance matrix among metabolome of each replicate.  Because metabolites often vary more 
from replicate to replicate in relation to their abundance [41], Euclidian distance and other 
non-weighted measures were avoided because they would bias the results towards the highly 
abundant metabolites; instead, Canberra distance was used as a distance measure to give an 
equal weight to all metabolites, regardless of abundance [42].  MDS plots (Fig 2B) represent 
the distance in principal coordinates which explain the variations of the data.  In these plots, 
the replicates of Arabidopsis are scattered along the direction of the MDS axis2.  In contrast, 
the replicates of switchgrass show much less data scatter.  This indicates the variation among 
Arabidopsis replicates is larger than switchgrass replicates.  The hierarchical cluster 
dendrogram (Fig 2C) visualizes the quantitative difference in the distances between replicates 
in two species.  Arabidopsis replicates cluster with a distance between 0.35 and 0.45, while 
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switchgrass replicates cluster with distance between 0.15 and 0.32.  This also indicates that 
the variations in Arabidopsis replicates are larger than the switchgrass replicates.  
The metabolite composition of switchgrass is distinct from that of 
Arabidopsis 
Regardless of which visualization approach is used, the metabolomes of the two 
species are very different.  In the scatterplot matrix (Fig 2A), the greatest data scatter is in the 
comparison of Arabidopsis and switchgrass (purple box).  The MDS plot (Fig 2B) shows that 
the two species are clearly distinguished by the first principal coordinate (MDS axis1), which 
explains 55% of variance of all the data.  The distances between switchgrass and Arabidopsis 
replicates are over 0.6 in the hierarchical cluster dendrogram, while the distances within 
replicates are from 0.15 to 0.45 (Fig 2C).  
To identify which metabolites are differentially accumulated in switchgrass 
compared to Arabidopsis, we analyzed the GC-MS based profiles with limma (linear models 
for microarray data) [43] using the R-based exploRase software [44, 45] to analyze and 
visualize the data.  The distinctiveness of the metabolite profiles can be seen at a glance (Fig 
3).  
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Switchgrass has a lower content of free gly, ser, val, thr and asp than 
Arabidopsis. 
Figure 4 shows the profiles of polar metabolites at between 10 to 20 min retention 
time, where amino acid and organic acids elute.  Switchgrass accumulates significantly less 
of five amino acids; gly, ser, val, thr, and asp compared to Arabidopsis.  The accumulation of 
gly is 55-fold less, the accumulation of ser, val, thr are about 20-fold less, and the 
accumulation of asp is 17-fold less (Fig 4).  Switchgrass accumulates significantly different 
levels of fumarate (670-fold less), pyroglutaric acid (oxoproline) (10-fold less) and alpha-
ketoglutarate (20-fold more) compared to Arabidopsis (Fig 4). 
Switchgrass has complex disaccharide and trisaccharide profiles.  
The most distinctive aspect of the profile of switchgrass metabolites is the 
disaccharides and trisaccharides (Fig 6).  More than ten GC/MS peaks eluting from 39-50 
min appear to be various disaccharides and trisaccharides based on the similarity of their 
mass spectra to sucrose (39.3 min retention time) and raffinose (49.8 min retention time).  
These putative disaccharides and trisaccharides accumulate at several hundred to over a 
thousand-fold more in switchgrass compared to Arabidopsis; detection in Arabidopsis extract 
is just above or at background level.    
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Sugar alcohols, such as myo-inositol and other hexitols, also accumulate differently 
in switchgrass compared to Arabidopsis.  Arabidopsis accumulates 5-fold more myo-inositol 
than switchgrass, while switchgrass accumulates 17-fold more of a hexitol than Arabidopsis 
(Fig 5).   
Switchgrass has more phenolic compounds than Arabidopsis. 
Shikimic acid and quinic acid accumulate about 10-fold and 90-fold more in 
switchgrass, respectively (Fig 5).  There are also higher accumulations of quinic acid 
derivatives such as p-coumaroylquinic acid (54-fold) and caffeoylquinic acid (1240-fold) in 
switchgrass.   
In the nonpolar fraction, p-coumaric acid accumulates 1021-fold more, caffeic acid 
482-fold more, and ferulic acid 85-fold more in switchgrass compared to Arabidopsis (Fig 7).  
This large difference in phenolic compound accumulation may be associated with the very 
active lignin formation in switchgrass.  
Switchgrass has a distinct fatty acid profile from that of Arabidopsis, and 
contains unusual fatty acids  
Switchgrass accumulates 135-fold less 7,10,13-hexadecatrienoic acid (16:3), and 9-
fold less 9-hexadecanoic acid (16:1) than Arabidopsis.  On the other hand, switchgrass 
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accumulates more lauric acid (12:0, 56-fold), and saturated very long chain fatty acids 
(VLCFAs), especially eicosanoic acid (20:0, 95-fold), tricosanoic acid (C23:0, 39-fold), 
pentacosanoic acid (C25:0, 46-fold) octacosanoic acid (C28:0, 311-fold) and triacontanoic 
acid (C30:0, 1900-fold); most of these are barely detectable in Arabidopsis (Fig 8).  
Switchgrass accumulates more kinds of and larger amount of sterols 
compared to Arabidopsis. 
A number of sterols are found in switchgrass but not detectable in Arabidopsis, such 
as lanosterol and others which are not fully identified but similar to sterols by mass spectrum.  
In addition, alpha-tocopherol, the most biologically available form of Vitamin E, is found in 
large quantities in switchgrass, with an accumulation of 17-fold more than in Arabidopsis 
(Fig 8).  
Discussion  
GC-MS based metabolite profiling reveals the metabolome of switchgrass to be quite 
distinct from that of Arabidopsis.  
Interestingly, the variation between replicates is much less in switchgrass compared 
to Arabidopsis.  Although Arabidopsis were grown from the seeds of the same plant 
(Arabidopsis is an obligate selfing species) under highly controlled conditions, plants and 
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leaves harvested appeared morphologically similar, and each replicate consisted of pooled 
5th-8th rosette leaves from seven plants, the Arabidopsis metabolome had large variations 
among replicates.  This extent of variation even under highly controlled conditions has 
reported previously [34], and also as variation in transcript levels [46-49].  The similarity in 
metabolic profiles of the switchgrass replicates has the practical implication that fewer 
biological replicates of switchgrass are required for meaningful metabolomics analysis.  
Metabolomic variations across replicates of other species, e.g., Echinacea [50] and 
Hypericum [51] both of which are also not as large as the variation across replicates of 
Arabidopsis.  Arabidopsis is a rapidly cycling plant that must adapted quickly to its 
environment.  It is possible that the large variations in metabolite levels within the biological 
replicates of Arabidopsis to the genetic characteristics of Arabidopsis compared to other 
plants.  
The major differences and increased complexity of di- and tri- saccharide profiles, 
and/or phenolic compounds in switchgrass versus Arabidopsis are probably associated with 
the difference in cell wall composition between the two species.  Grasses have Type II cell 
walls, which are quite different from the Type I cell walls in other monocots and dicots [52].  
Type II primary cell walls contain hemicelluloses which are mostly glucuronoarabinoxulans 
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or mixed linkage glucans, rather than the xyloglucans in Type I cell walls [52].  Type II cell 
walls also contain more hydroxycinnamates, less pectin and less structural proteins than Type 
I cell walls [52, 53].  Phenolic compounds accumulate to about 1-5% of its dry weight in 
Type II cell walls, whereas phenolic compounds are only minor components of Type I cell 
walls [52].  The highly complex disaccharide and trisaccharide profiles (Fig 6) combined 
with the high levels of phenolic compounds (Fig 5, 8) may indicate these compounds 
contribute to the distinct cell wall components of switchgrass.   
To minimize the possible hydrolysis, we used a mild methanol based extraction.  
Moreover, the hemicelluloses in the cell wall cannot be extracted easily in aqueous solution 
unless it is alkali [54], and phenolic compounds in the cell wall are typically covalently 
bound to lignin [55].  Nevertheless the switchgrass cell wall matrix could contain free 
carbohydrates and phenolics prior to polymerization.  Therefore, it is likely that the 
carbohydrates and phenolics were extracted from a combination of the extracellular matrix 
and the cell itself, rather than being released from covalent linkages from cell wall polymers.      
The 10-fold greater concentration of shikimic acid in switchgrass compared to in 
Arabidopsis is not surprising; because shikimic acid was initially identified from grass [56], 
we might expect that it would be accumulated to high levels in many grass species.  Shikimic 
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acid is a precursor of the aromatic amino acids, tyrosine, tryptophan and phenylalanine, all 
three of which accumulate to similar levels in switchgrass and Arabidopsis.  The extensive 
accumulation of shikimic acid in switchgrass thus may be directed towards phenolic 
compounds and lignin, rather than aromatic amino acid biosynthesis (Fig 9).  Consistent with 
this concept, the level of quinic acid, a precursor of phenolic compounds such as caffeic acid 
and its derivatives, is 87-fold greater in switchgrass than in Arabidopsis.  Caffeic acid (482-
fold), p-coumaric acid (>1000 fold) and ferulic acid (85-fold) all accumulate to higher levels 
in switchgrass than in Arabidopsis; caffeic acid, p-coumaric acid, and ferulic acid are major 
phenolic compounds in switchgrass internodes [2].  The quinic acid derivatives coumaroyl-
quinic acid and caffeoyl-quinic acid accumulate to 54-fold and 1240-fold higher in 
switchgrass.  All of these are components of lignin, and their higher accumulation levels in 
switchgrass may be associated with the high lignification of its cell wall.  Switchgrass may 
accumulate high levels of phenolics as cell wall components, and metabolic flux may be 
directed to this direction (Fig 9), instead of other biosynthetic pathways like amino acid 
synthesis.  Increased phenolics and lignification is an aspect of the defence response in many 
species of plants [57, 58]; the high levels of phenolics may contribute to the ability of 
switchgrass to endure harsh environments, and pathogen infection.  
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Another major difference between the metabolism of Arabidopsis and switchgrass 
metabolome is the photosynthetic machinery of the two species.  Since switchgrass uses 
NAD-malic enzyme type C4 photosynthesis [1], we expected that some of the metabolites 
involved in C4 synthesis accumulate differently.  From the data, there is no evidence of 
differential accumulation between Arabidopsis and switchgrass for the major organic acids 
involved in NAD-malic enzyme type C4 photosynthesis (pyruvate, phosphoenolpyruvate, 
and oxaloacetate).  In contrast, the accumulation of alpha-ketoglutarate is 20-fold higher in 
switchgrass, and aspartate accumulates 17-fold less in switchgrass.  On the other hand, the 
levels of amino acids derived from 3-phosphoglycerate (serine and glycine), pyruvate 
(valine), and oxaloacetate (aspartate and threonine) are significantly lower in switchgrass.  It 
seems that the organic acids involved in C4 photosynthesis do not accumulate differently in 
switchgrass; however the amino acids and phenolic compounds that are related to those C4 
organic acids through the shikimic acid pathway do accumulate differently (Fig 9).   
The reduced accumulation of the unusual amino acid pyroglutamic acid 
(hydroxyproline) in switchgrass compared to Arabidopsis may be related to its role as a 
precursor to the cell wall glycoprotein, extensin [59].  Type II cell walls have less extensin 
than type I [52].   
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Switchgrass has more lauric acid, saturated long chain fatty acids, and VLCFAs 
(C20-C30).  VLCFAs in plants are components of surface wax [60], sphingolipids [61], 
storage lipids in some oil seed plants [62]; plant morphology changed drastically when 
VLCFA level was changed [61, 63].  Fatty acid elongase 1 (FAE1) in Arabidopsis occurs in 
seed but not in leaves [64], and VLCFAs are at correspondingly low levels in Arabidopsis 
leaves [34].  On the other hand, FAEs in grasses are more ubiquitously expressed, and have 
been targeted for herbicide action [65].  This more active fatty acid elongation may explain 
the higher accumulation of those VLCFA in switchgrass compared to Arabidopsis.  Odd 
numbered VLCFAs are also evident in switchgrass while they are almost non-detected in 
Arabidopsis.   
Odd numbered VLCFAs are very rare, but have been found in various oil seed plants 
and also surface wax of sugar cane [66].  Interestingly, odd numbered VLCFA such as C23 
and C25 are abundant in switchgrass.  The various VLCFAs in switchgrass may be 
associated with the surface wax composition and contribute to its ability to tolerate harsh 
temperature, draught, and insects.   
Numerous carbohydrates in the nonpolar fraction are found in lower concentration 
from switchgrass than Arabidopsis.  The methylated monosaccharides in nonpolar fraction 
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may be derived from glycolipids and glyceramides.  Accumulation of unsaturated fatty acids, 
especially 7,10,13-hexadecatrienoic acid and 9-hexadecanoic acid, is reduced in switchgrass 
compared to Arabidopsis.  These unsaturated fatty acids are components of 
monogalctosyldiacylglycerol (MGDG) which is abundant in plastid membranes.  Differential 
accumulations of non-polar fractioned carbohydrate and unsaturated fatty acids in 
switchgrass may suggest that the membrane lipids in switchgrass plastid are very different 
from the ones in Arabidopsis.  
The various sterols that are found only in switchgrass and not in Arabidopsis may 
indicate that the composition of switchgrass plasma membranes is quite different from those 
of Arabidopsis.  Membrane sterols are highly associated with capacity to survive temperature 
change, likely by enabling membrane-mediated processes (membrane rafts) across a certain 
temperature range [67].  Plant sterols are more efficient than cholesterol at conferring 
survival ability in a wide temperature range [68].  Thus, the various sterols in switchgrass 
may help explain its ability to endure a wide temperature range.  The second possibility is 
that these sterols and other triterpenoids form parts of the surface waxes [69]. 
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Conclusions  
This research suggests the potential of an auxiliary use of switchgrass for extraction 
of beneficial compounds.  For example, shikimic acid has recently been in limited supply 
because of its use as a precursor for the pharmaceutical oseltamivir (Tami flu) [70].  Also, 
several of the unusual VLCFAs in switchgrass such as tricosanoic acid and pentacosanoic 
acid are very rare in nature and may have unusual properties.  Moreover a friedelanone or 
friedelanone-like compound is abundant in switchgrass.  This class of compounds is of 
considerable interest as its potential anti-tumor and anti-microbial properties [71, 72].   
The metabolite profile of switchgrass is quite different from that of Arabidopsis, and 
may reflect different metabolic processes and capabilities of switchgrass.  This understanding 
can provide insight into how a difference in metabolism results in a very different in 
phenotype, and a huge difference in biomass.  The differences in metabolites may explain in 
part how the phenotypic differences between Arabidopsis and switchgrass are established.  
Methods 
Plant material and growth conditions 
Switchgrass (Panicum virgatum L.) plants (Alamo 215) were grown at Metabolix 
(Boston, MA) under temperature control at 28 °C and 16 hr-photoperiod with sodium halide 
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lamps.  Samples were collected from three month old plants.  Four tillers of a similar growth 
stage (the 5th leaf was emerging) were selected for replicates, and the second leaf from the 
root was harvested.   
Arabidopsis (Arabidopsis Thaliana, Col-0) seed were sown on MS solid media 
containing 1% (w/v) of sucrose after sterilization.  Plates were placed in growth chamber 
maintained at constant temperature (22 oC), humidity (70%) under LD (16 hr light, 8 hr 
dark). The light intensity of growth chambers was 80-150 μmol/ m2 s.  Seedlings were 
transplanted into soil at the 4-leaf stage (2 weeks after planting).  The 5th-8th rosette leaves 
from 4-week-old plant were collected at mid-day (8hr after light) and flash frozen tissues 
were stored in liquid nitrogen until analyzed.  
Metabolic profiling and quantification 
Samples were extracted using the method of Bligh and Dyer (1959) [39] and 
Roessner (2001) [14], with modifications.  Samples were homogenized in liquid nitrogen 
with internal standards (adipic acid, pimeric acid, each 20 μl of 1 mg/ml water, and 
nonadecanoic acid, 20 μl of 2 mg/ml chloroform), transferred to a glass tube containing 2 ml 
of methanol, and placed at 70°C for 15 min with shaking.  0.5 ml of H2O and 1 ml of CHCl3 
were added and the mixture was vortexed for 1 min.  Additional 0.5 ml of H2O was added to 
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separate the polar and nonpolar phase.  The nonpolar, lower, phase was methylated by adding 
2ml of 1N hydrochloric acid in methanol and incubated 90°C for 1hr, and dried using 
nitrogen gas.  Upper polar phase was filtered through PTFE (pore size 2 μm, high protein 
binding) filter (Supelco, Bellefonte, PA) and completely dried using speed vac system 
(Savant instruments, Farmingdale, NY).  The dried polar extracts were methoxymated by 20 
mg/ml of methoxyamine-HCl in pyridine at 30°C for 90 min, and both polar and nonpolar 
extracts were silylated by N,O-bis (trimethylsilyl) trifluoroacetamide with 1% 
trimethylchlorosilane at 37°C for 1 hr.  
GC/MS analysis was performed in the W. M. Keck Metabolomics Research Lab at 
Iowa State University.  A GC series 6890 from Agilent (Palo Alto, CA) coupled with 5973 
Agilent mass detector, using Capillary HP-5 (30mX0.25 mm id, film thickness 0.25um) 
column and helium carrier gas was used. The column temperature was programmed to 
increase from 70°C to 260°C at a rate of 5°C/min, then held for 1min, and again up to 320°C 
at the same rate.  Detected Mass (m/z) range was 50-750, and total running time was 60 min. 
Processing and integration of metabolomics data 
Chromatograms were analyzed first by AMDIS (Automated Mass Spectral 
Deconvolution and Identification System).  Peaks were integrated and aligned using Met-
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IDEA [73] (Metabolomics Ion-based Data Extraction Algorithm).  The ion list from AMDIS 
analysis was used for Met-IDEA according to the author’s instruction.  Peaks whose values 
were less or equal in value to the control run (containing internal standards without plant 
extract) were considered as noise and disregarded.  The integrated peak values were 
normalized to an internal standard peak.   
Statistical analysis 
Data matrices were analyzed and visualized using exploRase (MetNet Platform, 
http://metnetdb.org) software [44, 45].  To find differentially accumulated metabolites, 
limma (linear models for microarray data) analysis was used [43].  Metabolomics data was 
transformed to log 2 base, and median-centered before statistical analysis.   
Multidimensional scaling and hierarchical clustering analysis was done using the 
vegan package in R [74].  Canberra distance was used to calculate the distance of each 
metabolite across samples, and the Canberra distance matrix was used in multidimensional 
scaling and clustering analysis [42].  For clustering, average linkage was used. 
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Additional file 1 – GC-MS profiles of switchgrass and Arabidopsis  
Fully expanded vegetative stage leaves from switchgrass and Arabidopsis were analysed by 
GC-MS based metabolite profiling.  Peak area using model ions (from AMDIS) were 
integrated and aligned using Met-IDEA [66]. Integrated peak area were normalized to 
internal standard peak of each phase (adipic acid for polar and nonadecanoic acid for 
nonpolar), median centered, and log2 transformed.  
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Figure 1 
Leaves of switchgrass (A) and Arabidopsis (B) selected for metabolomic analysis 
Fully expanded vegetative stage leaves were harvested from plants before entering 
reproductive stage.  Switchgrass were grown for 3 months in greenhouse at 28°C with 16 hr 
light.  Second leaves were harvested from 4 tillers at a similar growth stage.  Arabidopsis 
were grown in growth chamber at 22°C with 16 hr light, 70% humidity.  The 5th – 8th 
rosette leaves (blue arrows) were harvested from 7 plants and pooled for each replicate of 
Arabidopsis. 
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Figure 2 (continue on next page) 
Switchgrass metabolome is quite distinct from that of the Arabidopsis metabolome.  (A) 
Scatterplot of GC/MS based metabolite profiles of Arabidopsis and switchgrass; ARA1-4: 
four replicates of pooled Arabidopsis rosette leaves (5th - 8th), SW1-4: four replicates of 
switchgrass (2nd leaves).  Each dot represents log transformed peak area, which denotes 
relative metabolite accumulation level.  Variation across species is bigger than within 
replicates (purple box vs. blue/red box). Variation within replicates is larger in Arabidopsis 
(blue box) than in switchgrass (red box).  
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Fig.2 (continued)  
(B) Multidimensional scaling (MDS) plot using Canberra distance of each metabolite in 
Arabidopsis and switchgrass replicates; X-axis and Y-axis are two principal coordinates.  C) 
Cluster dendrogram using average linkage of Canberra distance of each metabolite in 
Arabidopsis and switchgrass replicates; height represents the distance of each metabolome. 
Both graphs show metabolomes of two species have a distance (variation) larger than the 
distance (variation) between replicates.  
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Figure 3  
Total Ion Chromatogram (TIC) of polar (A) and non-polar (B) GC-MS profiles in 
Arabidopsis (upper black line) and switchgrass (lower red line) 
GC-MS fingerprints are distinctive.  Each squared part is expanded to see details in Fig 4 – 
Fig 8.     
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Figure 4 
GC-MS profiles of polar metabolites in retention time 10-20 min; (A) Total ion 
chromatogram of Arabidopsis (upper black line) and switchgrass (lower red line) 
(B) Parallel coordinate plot of selected metabolites with FDR corrected p-values <0.001, Y-
axis: log2 (peak area); X-axis: samples; switchgrass accumulates significantly less amino 
acids val, gly, ser, thr and asp than Arabidopsis. Fumarate accumulation is 680 fold lower in 
switchgrass, while alpha-ketoglutarate accumulate 20 fold more in switchgrass than in 
Arabidopsis. 
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Figure 5 
GC-MS profiles of polar metabolites in retention time 20-30 min; (A) Total ion 
chromatogram of Arabidopsis (upper, black line) and switchgrass (lower, red line) 
(B) Parallel coordinate plot of selected metabolites with FDR corrected p-values <0.001; y-
axis: log2 (peak area); x-axis: samples; two species have distinct sugar and sugar alcohol 
profiles. Several aromatic compounds such as shikimic acid and quinic acid accumulate 
substantially more in Switchgrass.  
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Figure 6 
GC-MS profiles of polar metabolites in retention time 40-50 min; (A) Total ion 
chromatogram of Arabidopsis (upper black line) and switchgrass (lower red line) 
(B) Parallel coordinate plot of selected metabolites with FDR corrected p-values <0.001; y-
axis: log2 (peak area); x-axis: samples; switchgrass accumulates large varieties of di- and tri- 
saccharides and phenolic compounds. 
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Figure 7 
GC-MS profiles of non-polar metabolites in retention time 20-30 min; (A) Total ion 
chromatogram of Arabidopsis (upper black line) and switchgrass (lower red line) 
(B) Parallel coordinate plot of selected metabolites with FDR corrected p-values <0.001; y-
axis: log2 (peak area); x-axis: samples; switchgrass accumulates substantially more phenolic 
compounds such as caffeic acid, p-coumaric acid, ferulic acid while accumulates less 16:3, 
16:1 fatty acids.  
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Figure 8 
GC-MS profiles of non-polar metabolites in retention time 35-50 min; (A) Total ion 
chromatogram of Arabidopsis (upper black line) and switchgrass (lower red line) 
(B) Parallel coordinate plot of selected metabolites with FDR corrected p-values <0.001; y-
axis: log2 (peak area); x-axis: samples; switchgrass accumulates more saturated VLCFAs and 
sterols.  
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Figure 9 
Schematic diagram of amino acid biosynthesis, the shikimate pathway, and the TCA 
cycle in plants.  Metabolites with lower accumulation in switchgrass are marked with a cyan 
oval; the metabolites with higher accumulation in switchgrass are marked with a purple oval.  
The metabolome of switchgrass is consistent with metabolic flux toward the shikimate 
pathway to generate various cell wall components including lignin and phenolic compounds. 
3-PGA: 3-phosphoglycerate, PEP: phosphoenolpyruvate, OAA: oxaloacetate, VLCFAs: very 
long chain fatty acids. 
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Abstract  
Background 
Switchgrass (Panicum virgatum L.) is a fast growing perennial grass which has many 
advantages as a bioenergy crop such as its rapid growth, adaptation to diverse environments, 
and effective C4 photosynthesis.  Polyhydroxybutyrate (PHB) is a biodegradable polyester 
which has potential to replace petroleum-based polymer.  Producing PHB in a bioenergy crop 
such as switchgrass would allow production of bioplastics and biofuels from one value-added 
plant feedstock, significantly improving the economics of both co-products.  To produce 
economically effective levels of PHB in switchgrass, it is critical to understand the metabolic 
consequences of PHB accumulation in switchgrass.   
Results 
We have analyzed changes in levels of metabolite accumulation in PHB-
accumulating switchgrass lines using non-targeted GC-MS based metabolite profiling.  Leaf 
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and stem tissues (11 samples per line) from transgenic switchgrass plants accumulating 
polymer at different levels and a non-transformed, wild-type plant were analyzed.  In 
transgenic switchgrass lines, 3-hydroxybutyrate accumulated 10-140-fold more, and 4-
aminobutyrate accumulated 3-20-fold more, depending on the plant part.  Within a single 
plant, spatial accumulation of 3-hydroxybutyrate follows a similar pattern as that of PHB 
accumulation; with the greatest accumulation in upper portion of leaves, and older mature 
leaves compared to young developing leaves.  Interestingly, the accumulation of 3-
hydroxybutyrate is higher in a low PHB accumulating line than a high PHB accumulating 
line.  Levels of quinic acid, shikimic acid, and malate are decreased in PHB-accumulating 
lines of switchgrass.   
Conclusions 
Clear metabolic shifts are evident in PHB-accumulating lines of switchgrass; only 
some of these shifts correspond to the level of accumulation of PHB.  We propose that 
pathways other than the engineered PHB synthesis pathway use 3-hydroxybutyryl-CoA, 
resulting in greater accumulation of 3-hydroxybutyrate and 4-aminobutyrate in PHB-
accumulating lines of switchgrass.  This pathway may explain the low accumulation of PHB 
granules in mesophyll cells in C4 plants containing PHB synthetic genes as well as higher 
accumulation of 3-hydroxybutyrate in a low PHB accumulating line of switchgrass.  A high 
flux of malate to pyruvate to supply acetyl-CoA in PHB-accumulating lines of switchgrass 
could explain the reduction of malate, shikimate, and its derivatives.  
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Background  
Switchgrass (Panicum virgatum L.) is a perennial grass widely occurring throughout 
North America [1].  Switchgrass has been proposed as a potential biofuel crop to provide a 
cost effective source of alternative energy [2-5] because of its rapid growth, adaptation to 
diverse environments, and effective C4 photosynthesis.  Those advantages also could enable 
switchgrass to be a potential bio-factory crop for producing additional beneficial bioproducts 
[6, 7].   
The biodegradable polyhydroxyalkanoate (PHA) polyesters have been suggested as 
possible substitutes for petroleum-based polymers [8].  In nature, PHAs are produced as 
storage molecules by many bacteria [9-11].  Polyhydroxybutyrate (PHB), the simplest and 
most common member of the PHA family, is produced by three sequential enzyme reactions 
from acetyl-CoA; 3-ketothiolase (phaA), acetoacetyl-CoA reductase (phaB), and PHA 
synthase (phaC).  By introducing those enzymes into plants, solar energy powered, 
biodegradable plastic can be generated in plants [12].  There have been successful attempts to 
produce this valuable product in plants including Arabidopsis [13], potato [14, 15], tobacco 
[14, 16, 17], oilseed rape [18], maize [18], flax [19, 20], cotton [21] and sugarcane [22, 23] 
by targeting PHB synthetic genes into plant plastids.  Recently, switchgrass was successfully 
transformed to produce PHB in plastids yielding up to 3.5 % dry weight of tissue [7].   
Producing PHB in switchgrass could provide an economically-viable source of 
biofuel and biodegradable polymer from the same plant feedstock [6, 7].  To maximize the 
efficiency of PHB accumulation, it is critical to understand the metabolic consequences of 
PHB production and accumulation in switchgrass.  In this paper, we have analyzed the 
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changes in metabolite accumulation in PHB-accumulating switchgrass using non-targeted 
GC-MS based metabolite profiling.  The results provide insight into changes in the 
metabolome of PHB-accumulating and wild type switchgrass.   
Results  
Switchgrass plants with different levels of PHB accumulation are 
phenotypically similar.  
To understand the metabolic changes upon PHB synthesis in switchgrass, three 
switchgrass lines were selected; a high-PHB-accumulating line (high PHB line; 215-20-7a), a 
low-PHB-accumulating line (low PHB line; 215-20-2a-4) and wild type (undetectable PHB; 
Alamo 215) (Fig 1) [7].  The morphological phenotypes of these plants were not 
distinguishable despite differential PHB accumulation (Fig 1A).   
To compare the metabolite profile in different tissues of the PHB-accumulating and  
wild-type plants, 11  leaf and stem samples were collected from vegetative tillers of three-
month-old plants. The samples analyzed were: 2nd leaf upper portion, 2nd leaf basal portion, 
3rd leaf upper portion, 3rd leaf basal portion, 4th leaf upper portion, 4th leaf basal portion, 1st 
internode, 2nd internode, 3rd internode, 2nd leaf sheath, 3rd leaf sheath (Fig 1B).  Four (high 
PHB line and wild type) and three (low PHB line) tillers at the same developmental stage 
(emerging 5th leaf), were chosen as biological replicates for each line.  Each replicate was 
aliquoted and used both for PHB quantification and for metabolite profiling.  
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Spatial accumulation pattern of PHB in switchgrass   
Each of the samples collected from vegetative tillers from three-month-old plants was 
analyzed for PHB content.  Somleva et al. (2008) [7] describe the spatial distribution of PHB 
accumulation in 2-month-old switchgrass expressing the PHB transgenes.  The 3-month old 
plants we used, taken from the same lines, had a similar pattern of spatial distribution of PHB 
(Fig 2).  Specifically, upper portions of leaves accumulate higher levels of PHB than basal 
portions (p<0.05, t-test), and mature leaves accumulate higher levels of PHB than developing 
leaves (comparing in upper and basal portions, p<0.05, t-test).  PHB accumulation in leaf 
sheaths and internodes is at or below the detection limit. 
Differential accumulation of metabolites in switchgrass expressing 
PHB biosynthesis transgenes 
Metabolite profiles of each of the samples collected from vegetative tillers from 
transgenic and wild-type switchgrass plants were analyzed using non-targeted GC-MS based 
metabolite profiling.  Based on hot-methanol extraction, metabolites were separated into 
polar and non polar phases, derivatized, and analyzed by GC-MS [24].  Peaks were 
integrated and aligned using MET-IDEA (Metabolomics Ion-based Data Extraction 
Algorithm) [25], and normalized to an internal standard peak area.  Data were examined with 
scatter plot matrix (Fig 3, Additional file 1).  In scatter plot matrices of all samples 
(Additional file 1), data across replicates is highly linear indicating very good repeatability of 
replicates.  Figure 3 shows scatter plots of data obtained from replicates of the upper portions 
of leaf 2; scatter plots of all 11 plant samples show similar patterns (Additional file 1).    
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There was much greater data scatter within pairwise comparisons of the high PHB 
line vs. wild type replicates (Fig 3, green box) than within pairwise comparisons of either the 
high PHB line replicates (Fig 3, blue box) or the wild type replicates (Fig 3, red box), this 
shows good reproducibility among biological replicates, and denotes possible alteration of 
levels of metabolite accumulation between the two genotypes.  To find differentially 
accumulated metabolites in PHB-accumulating and wild type switchgrass, we analyzed the 
GC-MS profiles with limma (linear models for microarray data) analysis using exploRase 
(MetNet Platform, http://metnetdb.org) [26].    
Forty nine metabolites are differentially accumulated more than 2-fold in the upper 
portions of leaf 2 of the high PHB line compared to wild type (fdr corrected p-value <0.05; 
Table 1).  Parallel coordinate plots of selected metabolites of interest are shown in Figure 4.  
3-hydroxybutyrate is accumulated about 82-fold more in the high PHB line compared to its 
counter part in the wild type (Fig 4, Table 1).  4-aminobutyrate is accumulated about 11-fold 
more in high PHB line compared wild type.  Organic acids such as shikimic acid, quinic acid, 
and malate accumulated 5-fold, 6.8-fold, and 2.4-fold less, respectively, in the high PHB line 
compared to wild type (Fig 4, Table 1).  More than 6 disaccharides are >2-fold decreased in 
the high PHB line compared to its wild type counterpart (Table 1).    
Differentially accumulated metabolites in the basal portions of leaf 2 are very similar 
to the ones found in the upper portion of leaf 2 (Fig 5, Additional file 2).  3-hydroxybutyrate 
is accumulated about 55-fold more, and 4-amino butyrate accumulated 6-fold more in leaf 2 
basal portions of high PHB line compared to wild type. Shikimic acid, quinic acid, and 
malate are decreased (5.5-fold, 6.4-fold, and 2.8 fold, respectively) (Additional file 2) similar 
to that of leaf 2 upper portions.  
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 Interestingly, a similar pattern of differential accumulation of metabolites in plants 
containing PHB biosynthetic enzymes is found in other plant parts, despite their lower PHB 
accumulation levels.  In particular, 3-hydroxybutyrate and 4-aminobutyrate are increased in 
all 11 plant parts we analyzed (fdr p-value <0.05; additional file 2, Fig 6, 7).   
Figure 6 shows the fold changes of 3-hydroxybutyrate in high and low PHB lines 
compared to of wild type.  The accumulation increased similar spatial pattern as PHB 
accumulation in a high PHB-accumulation line; upper portions of leaves accumulate higher 
levels of 3-hydroxybutyrate than basal portions, mature leaves accumulate higher levels of 
PHB than developing leaves.  The fold increase of 3-hydroxybutyrate accumulation in leaf 
sheaths and internodes are lower than the leaves.  Surprisingly, a low PHB line which 
accumulated maximum 0.01% of PHB in leaf 2 upper portion, accumulates even higher 
levels of 3-hydroxybutyrate than a high PHB line (Fig 6).  The highest increase is found in 
leaf 2 upper portion of low PHB line, an 141-fold increase.  In contras 
t, the spatial pattern of PHB accumulation does not mirror the increase of 4-
aminobutyrate (range of 3-fold to 20-fold change, Fig 7).  The increases in accumulation of 
4-aminobutyrate in the low PHB- accumulating line are lower or similar to increases in the 
high PHB accumulating line (Fig 7).     
Quinic acid, shikimic acid, and malate accumulate to lower levels in all the leaf parts 
of high PHB line we analyzed compared to in wild type (fdr-corrected p-value <0.05).  The 
decreases of quinic acid and shikimic acid are 2-fold to 11-fold, depending on the plant parts.  
Malate accumulation is also lowered in leaf sheaths and internodes 2 (fdr corrected p-value 
<0.05).  The decreases of malate in leaf sheaths and internodes in high PHB line are as large 
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as several hundred-fold, while the decreases in leaf blades are about 2-fold compared to wild 
type.  
Discussion  
Metabolic profiling provides relatively high-throughput data on levels of metabolites 
in living organisms [27].  GC-MS based metabolite profiling has been used extensively for 
plant metabolic profiling since it is relatively reproducible, easy to perform, and 
identification of metabolites is relatively easy compared to other MS based methods [27-29].  
Because of those advantages, GC-MS based metabolite profiling has been used as a 
functional genomics tool in plants to figure out metabolic responses upon genotypic changes 
[24, 27, 30-33].  To better understand metabolomic changes that may occur upon PHB 
transgenes expression in switchgrass, we compared the metabolite profiles of 11 plant 
portions of 3 switchgrass lines; a high PHB accumulating line, a low PHB accumulating line, 
and wild type.  
The PHB biosynthetic pathway introduced into switchgrass follows 3 enzymatic steps 
[10];  
phaA:   2 acetyl-CoA          acetoacetyl-CoA + CoASH    
phaB:   acetoacetyl-CoA +NADPH+H+      D-3-hydroxy-butyryl-CoA + NADP+ 
phaC:  D-3-hydroxy-butyryl-CoA      polyhydroxybutyrate + CoASH  
 
High accumulation of 3-hydroxybutyrate in PHB-accumulating lines of switchgrass occurs 
independently of the level of PHB accumulation.  One possibility is that 3-hydroxy-butyryl-
CoA may hydrolyzed into 3-hydroxybutyrate, instead of being used for PHB synthesis.  The 
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elevation of 3-hydroxybutyrate accumulation is even higher in the low PHB accumulating 
line.  This may indicate that the polymerization of 3-hydroxy-butyryl-CoA is less effective in 
the low PHB accumulating line of switchgrass compared to the high PHB accumulating line.  
This could be due to a large shunt of 3-hydroxy-butyryl-CoA to 3-hydroxybutyrate, for 
example, if there is 3-hydroxy-butyryl-CoA hydrolase in plastid of switchgrass and 
hydrolyze 3-hydoxybutyryl-CoA to 3-hydroxybutyrate.  Another possibility is 
depolymerization of PHB from depolymerase and hydrolase reactions which are present in 
bacteria [34].  This possibility is less likely because of the fact that depolymerases have to 
date not been observed in non-native producers such as E. coli or plants, and also of the 
spatial pattern of PHB accumulation in switchgrass; PHB accumulation is higher in older 
portions of plant, indicating a degradation process is doubtful.  
The other differentially accumulated metabolite in high and low PHB switchgrass 
lines is 4-aminobutyrate.  The accumulation is 6 to 65 fold higher relative to the wild type 
counterparts.  This suggests that some of the 3-hydroxybutyl-CoA may be further 
metabolized into 4-aminobutyrate through crotonoyl-CoA to 4-hydroxybutanoate or via an 
unknown pathway.  Unlike 3-hydroxybutyrate, the increases of 4-aminobutyrate 
accumulation levels are not higher in low PHB accumulating line.  This may indicate 4-
aminobutyrate is accumulated in PHB-accumulating lines of switchgrass using pathways 
distinct from the one for 3-hydroxybutyrate.  
In Arabidopsis, accumulation of PHB in plastids does not result in elevation of either 
3-hydroxybutyrate or 4-aminobutyrate (chapter 2 of [35]).  PHB levels in the C4 grasses 
sugarcane [22] and maize [36] have been consistently lower than those of the C3 dicot 
Arabidopsis [37].  This may be due to unknown shunt pathways for 3-hydroxy-butyryl-CoA 
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to 3-hydroxybutyrate and 4-aminobutyrate present in the C4 grasses.  In polymer 
accumulating sugarcane, maize and switchgrass, PHB accumulation in the chloroplasts of 
mesophyll cells is lower than in the chloroplasts of bundle sheath cells [7, 22, 36].  A tissue 
specific enzyme that converts 3-hydroxy-butyryl-CoA to 3-hydroxybutyrate or 4-
aminobutyrate would provide an explanation of tissue specific accumulation.   
Levels of other metabolites, most notably malate, quinic acid and shikimic acid are 
consistently differentially accumulated in leaves and internodes of PHB-accumulating 
switchgrass lines compared to the wild type counter parts.  Malate is accumulated two to 
hundreds-folds less in PHB-accumulating switchgrass lines relative to the wild type counter 
parts, regardless of levels of PHB accumulation.  A similar reduction of malate level occurs 
in PHB-accumulating Arabidopsis grown under constant illumination (chapter 2 of [35]).  
This decreased malate may result from an increased flux of plastidic acetyl-CoA for PHB (or 
3-hydroxy-butyryl-CoA) synthesis.  In Arabidopsis, reduction of the malate accumulation 
level was not detected in plants grown under long day or short day light regimes.  This may 
be due to a more active malic enzyme in switchgrass, since malic enzyme is a component of 
the NAD+-malic enzyme C4 photosynthesis which switchgrass uses (Fig 8) [38].   
Decreased accumulation of the organic acids quinic and shikimic acid may affect the 
level or balance of the phenolic compounds which compose cell wall lignins (Chapter 4 [35]). 
Indeed, there are reductions of several phenolic compounds in PHB-accumulating 
switchgrass (preliminary data, data not shown).  Lignins are an obstacle in processing 
switchgrass for biofuel [3].  Reduced lignin in PHB-accumulating switchgrass may provide 
additional benefits related to processing switchgrass for biofuels and biorenewables.   
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Conclusions  
Switchgrass has many advantages for use as a biofuel.  Furthermore, PHB-
accumulating switchgrass could provide solar energy powered biodegradable plastic and 
biofuel at the same time.  Metabolite profiling suggests that there may be pathways that 
convert 3-hydroxybutyryl-CoA to 3-hydroxybutyrate and 4-aminobutyrate in switchgrass 
plastids, and these may be responsible for the lower PHB accumulation in switchgrass than 
Arabidopsis. Blocking these pathway(s) could enable a higher PHB accumulation.  PHB-
accumulating switchgrass may have decreased phenolics and lignins, which could provide 
benefits in biofuel processing.  
Methods 
Plant material and growth conditions 
PHB-accumulating switchgrass plants [7] transformed with a multigene construct 
containing the pha genes [39]under the control of the maize light-inducible promoter cab-m5 
[40] were grown in a greenhouse at 28°C with supplemental lighting (16-h photoperiod, 
sodium halide lamps).  Two transgenic lines from Alamo genotype 215 (Metabolix’s 
designation), the high PHB line (215-20-7a) and the low PHB line (215-20-2a-4) as well as a 
non-transformed, wild-type plant from the same genotype were used in this study.  Plants 
were 3 months old at harvest, with tillers of each plant selected to be at a similar 
developmental stage (the 5th leaf is just emerging from the tip of the tiller) for analysis.  Four 
biological replicates were used for the high PHB accumulating line, four biological replicates 
for wild type, and three biological replicates for the low PHB accumulating line.  The 
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following leaf and stem tissues  were collected from each line: 2nd leaf blade upper portion, 
2nd leaf blade basal portion, 3rd leaf blade upper portion, 3rd leaf blade basal portion, 4th leaf 
blade upper portion, 4th leaf blade basal portion, 1st internode, 2nd internode, 3rd internode, 2nd 
leaf sheath, 3rd leaf sheath (Fig 1).  Samples were flash frozen and stored in liquid nitrogen 
until analysis (except for 2 days storage in dry ice during transferring of the frozen material 
from Metabolix to Iowa State University).  Each replicate was chopped and evenly mixed by 
grinding in liquid nitrogen, and aliquots of each replicate were prepared for PHB 
quantification and metabolite profiling.   
Quantification of polyhydroxybutyrate (PHB)   
PHB was quantified using the method described in [7].  In brief, switchgrass samples 
were lyophilized prior to analysis, and dried plant tissue was ground to a fine powder prior to 
adding 3 mL of butanolysis reagent (90% v/v butanol, 10% v/v concentrated HCl (14 N 
stock)) and internal standard (0.5 mg/mL diphenylmethane).  PHB standards (0-10 mg) were 
prepared at the same time.  The samples were incubated at 110 °C for three hours with 
frequent vortexing, and removed from the heat and allowed to cool prior to the extraction of 
impurities with 3 mL of water.  The resulting organic phase was analyzed by gas 
chromatography/mass spectroscopy using an Agilent 5973 GC/MS in selected ion monitoring 
mode equipped with a DB-225MS column and guard.  The selected ions of the butyl-3-
hydroxybutyrate ester were 87, 89, and 43.1 amu.  The selected ions for the internal standard 
are 148.1, 167.1 and 152.1 amu. 
Metabolic profiling and quantification 
Samples were extracted using a hot methanol extraction method [24, 41] with 
modifications. Samples were homogenized in liquid nitrogen with internal standards (adipic 
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acid, pimeric acid, each 20 μl of 1 mg/ml H2O, and nonadecanoic acid 20 μl of 2 mg/ml 
chloroform), transferred to a glass tube containing 2 ml of methanol, and placed at 70°C for 
15 min.  0.5 ml of H2O and 1 ml of CHCl3 were added and vortexed for 1 minute.  Additional 
0.5 ml of H2O was added to separate polar and nonpolar phase.  Lower nonpolar phase were 
methylated by adding 2 ml of 1N hydrochloric acid in methanol and incubated 90°C for 1 hr.  
After extracting with 4 ml of H2O twice and dehydrating by adding anhydrous Na2SO4, 
extracts were filtered through an Iso-DiscTM 13 mm x 0.20 µm PTFE (Supelco, Bellefonte, 
PA) and completely dried using nitrogen gas.  Upper polar phase was filtered through a Iso-
DiscTM 13 mm x 0.20 µm PTFE filter (Supelco, Bellefonte, PA) and completely dried using 
speed vac system (Savant instruments, Farmingdale, NY).  The dried polar extracts were 
methoxymated in 20 mg/ml of methoxyamine-hydrochloride in pyridine at 30°C for 90 min, 
and both polar and nonpolar extracts were silylated using N, O-bis (trimethylsilyl) 
trifluoroacetamide with 1% trimethylchlorosilane at 37°C for 1 hr.  GC/MS analysis was 
performed using a GC series 6890 from Agilent Technologies (Palo Alto, CA) coupled with 
5973 Agilent mass detector, using Capillary HP-5 (30mX0.25 mm id, film thickness 0.25um) 
column and helium carrier gas was used. The column temperature was programmed to 
increase from 70°C to 260°C at a rate of 5°C/min, then held for 10 min, and again up to 
320°C at a same rate.  Detected Mass (m/z) range was 50-750, and total running time was 60 
min. 
Data processing and statistical analysis 
Chromatograms were analyzed first by AMDIS (Automated mass spectral 
deconvolution and identification system).  Peaks were integrated and aligned using MET-
IDEA [25] (Metabolomics Ion-based Data Extraction Algorithm). The ion list from AMDIS 
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analysis was used for Met-IDEA according to author’s instruction.  The peaks that are 
present more or equal value in control run (containing internal standards without plant 
extract) were considered as noise peaks and disregarded before analysis.   Data was 
transformed to log 2 base, and mean-centered before statistical analysis.  The data matrices 
were analyzed using exploRase (MetNet Platform, http://metnetdb.org) [26, 42] software to 
analyze and visualize omics data.  To find differentially accumulated metabolites, limma 
(linear models for Microarray Data) analysis was used [43].  
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Additional files 
Additional files can be downloaded from following link; 
http://www.metnetdb.org/sychoi/dissertation/Chap5 
Additional file 1: Scatterplot matrixes of metabolite profiles of PHB accumulating and 
non-accumulating switchgrass.  
This file contains eleven scatterplot matrixes of metabolite profiling data from each plant 
parts of PHB accumulating and non-accumulating switchgrass. 
 
Additional file 2: Scatterplot matrixes of metabolite profiles of PHB accumulating and 
non-accumulating switchgrass.  
This file contains lists of differentially accumulated metabolites in PHB accumulating 
switchgrass compared to wild type.  The list contains the metabolite accumulates more than 
2-fold difference with fdr-corrected p-value<0.05, from each 11 plant part in each 11 
spreadsheets.  
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Figure1 
Two lines of PHB-accumulating switchgrass and a wild type switchgrass plant used in 
this study do not show large differences in phenotypes; (A) High PHB line, low PHB line, 
and wild type plant (from left); Switchgrass were grown in greenhouse at 28 °C with 16 hr 
light.  The morphological phenotypes of these three-month-old plants with differential PHB 
accumulations were not distinguishable.  (B) Eleven different plant parts were collected for 
metabolite profiling.  Four tillers from a high PHB line, three tillers from a low PHB line and 
four tillers from a wild type at similar developmental stage (5th leaf is just emerging from the 
tip of the tiller) were chosen as replicates.  Total of 11 plant parts were collected from each 
tiller; 2nd leaf blade upper portion, 2nd leaf blade basal portion, 3rd leaf blade upper portion, 
3rd leaf blade basal portion, 4th leaf blade upper portion, 4th leaf blade basal portion, 2nd leaf 
sheath, 3rd leaf sheath, 1st internode, 2nd internode, 3rd internode.  Overall 121 samples were 
collected. (bar = 5cm)   
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Figure 2 
Mean PHB accumulations of each plant part of PHB-accumulating switchgrass lines 
(High PHB line, Low PHB line) and a wild type.   
PHB accumulation levels were measured from 11 plant parts (Fig 1) of PHB-accumulating 
and a wild type switchgrass.  There was a spatial distribution of PHB accumulation; Mature 
leaf accumulate higher levels of PHB than young developing leaf (leaf 2> leaf 3> leaf4) 
(p<0.05, t-test).  PHB accumulation is higher in leaf upper portions than leaf basal portions in 
all leaves analyzed (p-value<0.05, t-test).  PHB accumulations in leaf sheath are <0.03%, and 
in internode 1, 2, 3 are <0.001%.  Error bars: standard error, -: below detection limit 
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Figure 3  
Scatterplot of metabolite profiles of upper portion of leaf 2 from two PHB-
accumulating lines and a wild type switchgrass   
Levels of metabolites are analyzed by non-targeted GC-MS profiling method [23].  Each dot 
represents a single metabolite (log2 peak area of each model ion, normalized to internal 
standard).  Replicates show very good reproducibility in each plant line; High PHB line: blue 
box, Low PHB line: light blue box, Wild type: red box.  Variation across genotype is larger 
than within replicates (green box vs. blue/red box) which denote alteration of metabolite 
accumulation levels between two genotypes.  Plots for 11 parts of switchgrass sampled (Fig 
1) are attached as a supplemental data (Additional file 1). 
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Parallel coordinate plots of selected metabolites differentially accumulated in leaf 2 
upper portions PHB-accumulating switchgrass (High PHB line, Low PHB line) 
compared to wild type counterparts.   
Selected metabolites accumulated more (left) or less (right) in PHB-accumulating lines of 
switchgrass are shown.  First 4 data points are from high PHB-accumulating line, next 3 data 
points are from low PHB-accumulating line, and the last 4 points are from wild type plant.  
Peak area for each metabolite is integrated using a computationally selected model ion, and 
normalized to internal standard. 
In leaf 2 upper portions of PHB-accumulating lines of switchgrass, 3-hydroxybutyrate and 4-
aminobutyrate were accumulated more than in wild type counterpart, while shikimic acid, 
quinic acid and a number of mono- and di-saccharide were accumulated less than in wild 
type counterpart.   
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Figure 5 
Parallel coordinate plots of selected metabolites differentially accumulated in leaf 2 
basal portions of PHB-accumulating switchgrass (High PHB line, Low PHB line) 
compared to wild type counterparts.   
Selected metabolites accumulated more (left) or less (right) in PHB-accumulating lines of 
switchgrass are shown.  First 4 data points are from high PHB-accumulating line, next 3 data 
points are from low PHB-accumulating line, and the last 4 points are from wild type plant.  
Peak area for each metabolite is integrated using a computationally selected model ion, and 
normalized to internal standard. 
In leaf 2 basal portions of PHB-accumulating lines of switchgrass, similar to leaf 2 upper 
portion, 3-hydroxybutyrate and 4-aminobutyrate were accumulated more than in wild type 
counterpart, while shikimic acid, quinic acid and a number of di-saccharide were 
accumulated less than in wild type counterpart.    
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Figure 6 
Fold increase of 3-hydroxybutyrate in PHB-accumulating lines of switchgrass 
Accumulation levels of 3-hydroxybutyrate in PHB-accumulating switchgrass lines are 
compared to the levels in wild type switchgrass counterparts.  All plant parts shows 
significant increase of 3-hydroxybutyrate accumulations.  The fold increase is even higher in 
a low PHB-accumulating line of switchgrass despite of low levels of PHB accumulation 
(light blue line).  The increases of 3-hydroxybutyrate levels in leaves are larger in upper 
portions than in basal portions, with the same pattern as PHB accumulations.   
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Figure 7 
Fold increase of 4-aminobutyrate in PHB-accumulating lines of switchgrass 
Accumulation levels of 4-aminobutyrate in PHB-accumulating switchgrass lines are 
compared to the levels in wild type switchgrass.  All plant parts show a significant increase 
of 4-aminobutyrate accumulation.  Similar levels of increase are detected from high and low 
PHB-accumulating lines. The increases of 4-aminobutyrate levels in leaves are larger in 
upper portions than in basal portions in the high PHB-accumulating line.  
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Figure 8 
Schematic diagram of C4 photosynthesis in switchgrass and possible connection to PHB 
accumulation in plastid 
Based on metabolite profiling results, we propose the shunt pathway from PHB synthesis 
pathway to 3-hydroxybutyrate and/or 4-aminobutyrate in plastid of mesophyll cells.  The 
shunt pathway may be responsible for the low accumulation of PHB in mesophyll cells as 
previously reported in [7].  Reduced accumulation of malate in all part of PHB synthetic 
tissue may due to high flux toward acetyl-CoA for PHB synthesis.  
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Peak 
number
model 
ion
retention 
time candidate.ID
FDR 
corrected p-
value
fold change
(HP vs. WT)
swp007 191.2 11.42 3-Hydroxybutanoic acid (2TMS) 0.0000 82.55
swp009 184.2 13.42 unknown - 4-methyloxazole-5-carboxylic acid 0.0139 12.65
swp107 274.2 34.43 unknown 0.0002 11.97
swp034 174.2 21.21 4-Aminobutyric acid (3TMS) 0.0011 10.87
swp021 243.1 16.80 unknown - ?dihydrouracil (2TMS) 0.0016 8.13
swp032 156.1 21.01 Pyroglutamic acid (2TMS) 0.0161 7.28
swp023 248.2 18.67 beta-Alanine (3TMS) 0.0058 5.36
swp018 196.2 15.85 Unknown (?nitrophenol? Adenosine-like?) 0.0009 4.94
swp058 174.2 25.87 Putrescine (4TMS) (1,4 diaminobutane) 0.0022 4.75
swp144 204.2 45.50 unknown 0.0058 3.89
swp109 204.2 34.77 unknown 0.0159 3.87
swp167 204.2 52.55 unknown 0.0029 3.58
swp047 258.2 23.58 Erythrose (methoxy, 3TMS) 0.0128 3.15
swp102 292.3 32.01 Gluconic acid (6TMS) 0.0483 2.83
swp010 179.1 13.63 Benzoic acid (TMS) 0.0300 2.82
swp071 276.2 28.00 Unknown - C6 aldose 0.0483 2.81
swp116 204.2 37.37 Galactosylglycerol (6TMS) 0.0009 2.38
swp103 217.2 33.28 myo-Inositol (6TMS) 0.0076 2.37
swp083 319.3 29.62 Galactose methoxyamine (5TMS) 0.0213 2.31
swp122 173.1 39.45 unknown 0.0060 2.27
swp114 204.2 37.15 unknown 0.0237 2.23
swp046 258.2 23.39 unknown 0.0488 2.15
swp123 204.2 39.52 Maltotriose methoxyamine (11TMS) 0.0237 2.02
swp121 204.2 39.35 unknown 0.0107 2.01
swp081 303.3 29.51 unknown 0.0488
swp158 297.3 48.08 unknown 0.0429
swp115 169.1 37.23 unknown 0.0213
swp029 233.2 20.46 Malic acid (3TMS) 0.0300
swp160 327.3 48.32 unknown 0.0027
swp131 217.2 41.64 unknown - glucuronic acid-like 0.0372
swp001 174.1 8.25 pyruvate (methoxime, TMS) 0.0440
swp119 204.2 38.84 Unknown - monosaccharide (gulose?) 0.0098
swp157 204.2 47.94 ? Galactinol (9TMS) 0.0020
swp147 217.2 45.72 unknown 0.0006
swp093 332.3 30.52 unknown 0.0488
swp138 204.2 44.17 ? Disaccharide 0.0161
swp156 297.3 47.78 unknown 0.0008
swp145 219.2 45.65 4-trans-p-Coumaroylquinic acid (5TMS) 0.0098
swp146 297.2 45.71 unknown 0.0005
swp150 217.2 46.62 Isomaltose (8TMS) like 0.0022
swp149 204.2 46.46 Melibiose (disaccharide) 0.0005
swp153 297.3 47.35 (VANILLYLMANDELIC ACID? 297) 0.0006
swp151 191.2 46.91 Isomaltose (8TMS) 0.0003
swp139 361.3 44.26 Maltose methoxyamine (8TMS) 1 0.0058
swp069 204.2 27.75 Shikimic acid (4TMS) 0.0001
swp143 267.2 45.34 unknown 0.0022
swp077 345.3 28.93 Quinic acid (5TMS) 0.0000
swp055 217.2 25.28 C5 (xylose) methoxyamine (4TMS) 0.0000
swp161 354.3 48.79 792; Trehalose (8TMS)]like 0.0023
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Table 1 
The list of metabolites more than 2-fold differentially accumulated in leaf 2 upper portion of 
high PHB line of switchgrass compared to wild type with fdr p<0.05.  The lists from other 
plant parts are attached as a supplemental data (Additional file 2). 
 
 153
CHAPTER 6: GENERAL CONCLUSION 
This dissertation describes metabolic changes upon bioplastic (PHB) accumulations 
in Arabidopsis and switchgrass.  The results help to elucidate metabolic regulations upon 
PHB accumulation in Arabidopsis (chapter 2) and switchgrass (chapter 5).  To quantify 
acetyl-CoA and other acyl-coenzymeAs in plants, I have developed a new LC-MS-MS based 
method (chapter 3) [1].  To better understand switchgrass metabolism, metabolite profiles of 
switchgrass and Arabidopsis were compared (chapter 4).   
In chapter 2, I have shown that PHB accumulation levels were different in 
Arabidopsis containing PHB synthetic genes [2] grown under three different light regimes, 
and the accumulation was highest under long day light condition.  Further metabolomic 
analysis suggested that not only the level of PHB accumulation, but also levels of various 
metabolites changed their accumulations differently depend on the light regime which the 
plants containing PHB biosynthetic genes are grown under.  One interpretation is that the 
metabolic flux between plastid and cytosol according to light regime affects the level of 
metabolite availability and consequently, the level of PHB accumulation.  The Arabidopsis 
lines containing PHB biosynthetic genes and grown under constant illumination showed the 
most severe growth retardation, chlorosis, changes in levels of metabolite accumulation 
despite of lower PHB accumulation level than grown under long day.  The levels of acetyl-
CoA, quantified using the method developed in chapter 3, were not decreased in PHB-
accumulating plants grown under long day and this suggests that the metabolic regulation 
maintains the level of acetyl-CoA despite of high consumption of acetyl-CoA in plastid for 
PHB accumulation.   Transcriptomic analysis of PHB-accumulating and control Arabidopsis 
grown under long day using affymetrix gene chip did not show the differential accumulation 
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of transcripts involved in pathways supplying acetyl-CoA in plastid, but showed 
transcriptional changes of the genes involved in synthesis of cell wall and thylakoid 
membrane.  We have observed the disruption of grana structure and diminishing 
plastoglobuli in PHB-accumulating Arabidopsis grown under long day.  How to avoid this 
structural disruption in plastid need further study.  
In chapter 4, I showed a very distinctive metabolome of switchgrass compared to 
Arabidopsis.  Switchgrass is a potential biofuel crop and could be used as bio-factories [3].  
To better understand metabolism of this valuable crop, I have compared to metabolite 
composition of switchgrass and Arabidopsis.  The leaf of switchgrass accumulates 20 fold 
less Val, Ser, Thr, Asp, 50-fold less Gly, 600-fold less fumarate and 5-fold less myo-inositol 
than Arabidopsis does.  In contrast, shikimic acid, quinic acid, alpha-ketoglutarate, and 
various di- and tri- saccharide are accumulated 10-fold to hundreds fold higher levels in 
switchgrass than in Arabidopsis.  Unsaturated fatty acids such as cis-9-hexadecenoic acid, 
cis-7,10,13-hexadecatrienoic acid are accumulated 10-fold to a hundred fold lower in 
switchgrass while very long chain saturated fatty acids such as eicosanoic acid, tricosanoic 
acid, pentacosanoic acid, octacosanoic acid are accumulated 40 to several hundreds fold 
higher.  Various sterols and phenolic compounds such as caffeic acid, ferulic acid and p-
coumaric acid are hundreds fold more abundant in switchgrass than Arabidopsis.  In this 
study, I have found that the massive shifts in metabolite accumulation between switchgrass 
and Arabidopsis.  This study may help to understand switchgrass metabolism and also to 
manipulate switchgrass to producing biorenewables.   
In chapter 5, I showed the metabolic changes in switchgrass containing PHB 
synthetic genes [4].  The levels of 3-hydroxybutyrate accumulated 10 to 140-fold more, and 
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the levels of 4-aminobutyrate accumulated 3-20 fold more in switchgrass containing PHB 
synthetic genes compared to wild type, regardless of the actual levels of PHB accumulation 
in the plants.  Spatial accumulations pattern of 3-hydroxybutyrate in high PHB accumulating 
switchgrass follows the similar pattern as PHB accumulations, while 4-aminobutyrate does 
not.  Quinic acid, shikimic acid, and malate are accumulated to lower levels in PHB synthetic 
lines of switchgrass.  Based on the results, I propose there may be pathways to convert 3-
hydroxybutyryl-CoA to 3-hydroxybutyrate and 4-aminobutyrate in switchgrass plastid, 
which may be responsible for lower PHB accumulation in switchgrass than Arabidopsis.  
This unknown pathway may explain the tissue specific accumulation of PHB in switchgrass.  
I also found a decrease of phenolic compounds in PHB accumulating switchgrass.  Reduced 
levels of phenolic compounds may lead to a decrease in lignin content, which can provide 
additional implications for biofuel processing. 
Introducing foreign genes to produce novel compound in living organism like plants 
could provide environmentally and economically beneficial process.  Despite of great 
advance in genetics and molecular biology, it is hard to predict the consequence of 
introducing novel genes into living organism, due to complex network of metabolic process.  
To understand ultimate consequence of introducing novel genes to produce foreign material 
in plant, systematic study of the whole system is mandatory.  To elucidate systematic 
changes upon introducing genes to produce foreign compound, PHB, in plant, I used 
metabolomic and transcriptomic approaches as well as traditional observatory biology.  It is 
still hard to understand every metabolic consequence upon PHB accumulation in plant, but 
this study provide a step toward to understand systematic changes in plant upon PHB 
accumulation, and to generate more reasonable hypotheses.  
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